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NATO Guidelines on Human Engineering Testing
and Evaluation

(RTO TR-021 / HFM-018)

Executive Summary

The purpose of this report is to document the efforts of RSG-24, which was initiated by DRG Panel 8 in 1992,
and was sponsored after the merger of DRG and AGARD by the Human Factors and Medicine (HFM) Panel of
NATO’s Research and Technology Organization (RTO). The report presents the RSG’ s recommended guidelines
for accomplishing human engineering test and evaluation. The goal was standardization of test content,
procedures and conditions/sequence of test events. The intent was not to impose standardization of system
engineering design. The guidelines are expected to facilitate the sharing of data and evaluations, which will cut
test costs by reducing duplication and the quantity of test data, required to support decisions.

Human engineering test and evaluation can occur at any point during the acquisition process, but is most often
done when a system is undergoing developmental and operational testing. Developmental testing usually occurs
earlier and is primarily oriented toward validating the system design, but may include an early assessment of the
system’s performance in an operational environment. It is often characterized by testing partial systems under
benign test conditions, using test subjects who are considerably more knowledgeable of the system than the
eventual users of the system will be. Operational testing generally concentrates on testing the whole system,
under realistic conditions, using as test subjects, either real users or personnel who closely represent the user in
terms of selection, training, and experience. The primary focus of operational testing is to assess the system’s
ability to perform its mission under realistic conditions.

Human engineering test and evaluation includes data in the following categories:

(a) Data collected to describe relevant characteristics of test participants. Commonality of data in this area is
necessary so the test specialist can more accurately use previous test results to make performance predictions for
a different system, set of test conditions etc.

(b) Measurement of operator workload. It is important to understand how much of an operator’s resources are
required to produce satisfactory system performance.

(c) Measurement of human performance. A system’s hardware may meet all human engineering design criteria
and be liked by operators and maintainers, yet fall short of performance expectations unless one verifies that
operators and maintainers satisfactorily perform critical tasks, both under normal, benign conditions and under
degraded conditions.

(d) Assessment of user acceptance of the system. Even a system that has been well human engineered for
performance and safety may have characteristics that are negatively appreciated by users and that thereby cause
system performance to be limited.

(e) Measurements of hardware characteristics. The environment and physical attributes of a system can have
positive or negative influences on human performance. Therefore, it is important to measure physical
characteristics of the system such as size, weight, light levels, noise levels, crew workspace layout, ingress and
egress provisions, temperature, vibration, the brightness, legibility and labeling of displays, and the placement,
configuration and force requirements of controls.



Directives OTAN en matiere d’ essais
et d’'évaluations ergonomiques

(RTO TR-021 / HFM-018)

Synthese

Ce rapport a pour objectif de rendre compte des travaux du groupe RSG-24, créé par la commission 8 du GRD
en 1992, et repris, suite au fusionnement du GRD et de I’ AGARD, par la commission sur |es facteurs humains et
la médecine (HFM) de I’ Organisation pour larecherche et latechnologie de I’ OTAN (RTO). Le rapport présente
les directives proposées par le RSG pour laréalisation d’ essais et d’ évaluations ergonomiques. Le groupe s était
donné comme objectif la normalisation du contenu, des procédures, des conditions et du séquencement des essai's
dans ce domaine. Le groupe n’avait pas I'intention d’'imposer la normalisation de la conception de I'ingénierie
des systémes. Ces directives devaient faciliter le partage de données et les évaluations, ceci ayant pour effet de
faire baisser les colits des essais en diminuant la redondance et le volume des données d’ essai's nécessaires pour
soutenir la prise de décisions.

Les essais et |es évaluations ergonomiques peuvent se faire a n’importe quelle étape du processus d’ acquisition,
mais ils sont souvent organisés en méme temps que les essais de mise au point et de fonctionnement du systeme.
Les essais de mise au point sont généralement organisés plus en amont et sont plutdt orientés vers la validation
de la conception du systéme; mais ils peuvent comporter une évaluation préliminaire des performances du
systeme dans un environnement opérationnel. |Is sont souvent caractérisés par des essais partiels de systemes
dans des conditions peu contraignantes, faisant appel a des expérimentateurs ayant beaucoup plus de
connaissances du systeme que les utilisateurs finaux. Les essais de fonctionnement sont généralement axés sur le
systeme complet, dans des conditions réelles, avec comme acteurs soit des utilisateurs réels, soit des personnes
trés représentatives de I utilisateur du point de vue de la sélection, de la formation et de I’ expérience. L’ objectif
principal des essais de fonctionnement est d’'évaluer la capacité du systeme a remplir sa mission dans des
conditions représentatives de la réalité.

Les essais et les évaluations ergonomiques font appel a des données appartenant aux catégories suivantes:

() Données représentatives des caractéristiques typiques des participants aux essais. Dans ce domaine, il est
important d’'assurer I'identité des données, pour que le spéciaiste puisse se servir des résultats d'essais
précédents pour prévoir les performances d'un systeme différent ou d’'un ensemble de conditions d'essais
différentes, etc..

(b) Calcul delacharge detravail del’ opérateur. Il est important de bien apprécier le pourcentage des moyens de
|’ opérateur nécessaire pour assurer des performances systeme satisfaisantes.

(c) Mesure des performances humaines. Le matériel composant un systeme peut répondre a tous les criteres de
conception ergonomiques et plaire aux opérateurs et aux techniciens de maintenance, mais décevoir du point de
vue des performances s les opérateurs et les techniciens de maintenance ne réalisent pas certaines taches
critiques de fagon satisfaisante, dans des conditions normales, moyennement contraignantes ou dégradées.

(d) Evaluation de I’ acceptation du systeme par I’ utilisateur. Méme les systemes ergonomiquement bien congus
du point de vue des performances et de la sécurité peuvent présenter des caractéristiques qui seront percues
négativement par les utilisateurs. Ces caractéristiques risquent alors de limiter les performances du systeéme.

(e) Mesure des caractéristiques matérielles. L’ environnement et les attributs physiques d’un systéme peuvent
avoir des conséquences positives ou négatives sur les performances humaines. Par conséquent, il est important
de mesurer les caractéristiques physiques d'un systeme telles que les dimensions, la masse, les niveaux
d'éclairage, les niveaux sonores, la disposition de I’ espace de travail de I’ équipage, les possibilités d’ entrée et de
sortie, latempérature, les vibrations, laluminosité, lalisibilité et I’ étiquetage des écrans, ainsi que lalocalisation,
la configuration et la force demandée pour manipuler les commandes.
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Chapter 1

I ntroduction

1.1 Background

Scientific inquiry into human performance in military weapon systems first occurred during WWI1 when
Paul Fitts, an experimental psychologist, was asked to find out why the attrition/mortality rate was so high among
pilot trainees and new pilots in the Army Air Corps. After systematic study, he identified shortcomings in pilot
selection, pilot training, and in the design and arrangement of controls and displays in cockpits. He then
recommended corrective actions for each of the problems. When the corrective fixes were made, pilot attrition
decreased noticeably and the military services slowly adopted the approach for other types of weapons.

During the ensuing two decades, the concern for the human operators' role in weapon system performance
was expanded and systematized into an approach known as the Personnel Subsystem. In the early 70's the
approach was revitalized and renamed Human Factors Engineering. The latest emphasis on the human impacts on
weapon systems originated in the US Army during the mid-1980s and is known as Manpower, Personnel, and
Training Integration (MANPRINT). The objective of this comprehensive management and technical effort isto
assure total system effectiveness by continuous integration into the materiel development and acquisition of all
relevant information concerning it's human users.

MANPRINT addresses human performance via seven domains. Human Factors Engineering, Safety,
Health Hazards, Manpower, Personnel, Training, and Soldier Survivability. The first three of these are concerned
primarily with the design of hardware and are addressed by the Human Factors Engineering discipline during the
systems engineering design process. These three domains were also the concern of RSG 24, as its purpose was to
develop testing guidelines to ensure that human users can safely perform their tasks in a manner that supports
system performance and meets operational requirements.

Human engineering testing and evaluation are conducted to ensure that the intended users of a system can
operate and maintain it. This type of testing determines if the system's equipment meets human engineering,
safety and other criteria relevant to human use, while meeting all mission performance requirements. Analysesto
be carried out must verify that effective, efficient and safe operation of the total human-machine system is
supported by the overal architecture, workspace design and workload imposed by the system's design.

Human engineering testing and evaluation is an important component of any test effort as it is generally
the only activity that looks at the influence of human performance on system performance. The need for ensuring
accurate human performance is obvious when operators are in the control loop of a system as they directly affect
performance of the system. However, even in the most automated system, humans are often assigned critical
functions such as enabling, programming, initializing, calibrating, verifying, validating, designating, and
authorizing. Indeed, accurate human performance becomes more critical with increased automation because of
the absence of a human operator. For example, once a cruise missile is in flight, the operator is out of the
missile's control loop and cannot compensate for any errors that may have escaped detection when the crew
loaded the missile onto a launch platform, programmed it with aflight plan and launched it.

There are presently no widely accepted techniques and methods for accomplishing human engineering
tests. The approach taken to accomplishing human engineering testing generally depends on the organization's
tradition and upon the individual specialist's education, experience, and intuition. In the absence of a common
approach and data set, human engineering test results are difficult to compare for different test conditions,
systems, armed services, or nations. As a result, duplicative testing becomes necessary, and important lessons
learned and generalities of findings are lost.

Recognizing these deficiencies, Panel 8 of the Defence Research Group (DRG) approved the formation of
an Exploratory Group (EG.K) on "Human Engineering Testing and Evaluation” at its fall 1990 meeting. The
primary goal of EG.K was to assess the level of interest among NATO nations in development of guidelines for
conducting human engineering testing and evaluation and to lay the framework for developing such guidelines.
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The EG.K met on two occasions to produce Terms of Reference (TOR) and Programme of Work (POW)
documents which defined what the effort would consist of and how it would be carried out. In June of 1992, Panel
8 approved the TOR and POW and forwarded them to the DRG with the recommendation that a Research Study
Group (RSG) be formed to execute the work proposed in these documents. In September of 1992, the DRG
accepted the recommendation and approved the establishment of RSG-24 on Human Engineeering Test and
Evaluation. Meetings of RSG-24 began in the spring of 1993 and continued semiannually until the fall of 1998.

1.2 Purpose

The purpose of this report is to document the efforts of RSG-24 and to present its recommended
guidelines for accomplishing human engineering test and evaluation. The goa was standardization of test
content, procedures and conditions /sequence of test events. The intent was not to impose standardization of
system engineering design. The guidelines are expected to facilitate the sharing of data and evaluations which
will cut test costs by reducing duplication and the quantity of test data required to support decisions.

The intended audience for these guidelines includes all persons who conduct human engineering testing
on military systems. The professional tester benefits from using the guidelines because he will be able to compare
his test results to those gathered on other systems, under other conditions, or by other nations. The novice tester
gains the additional benefit of having areadily available reference to proven techniques.

1.3 Scope

The RSG decided to devel op testing guidelines that would describe test and evaluation methods aready in
existence and in use by test agencies. The idea was to conduct a comprehensive survey of techniques in use by
test organizations throughout the armed services of the participating NATO nations and to select "best practices'
as the recommended guidelines. Stipulating that techniques must be easily used in afield test environment further
narrowed the possible domain of methods. Choosing among these existing methods, the guidelines were to be
robust enough to be used by any nation or service, regardless of the type of system, stage of system devel opment,
or test conditions.

Human engineering test and evaluation can occur at any point during the acquisition process, but is most
often done when a system is undergoing developmental and operational testing. Developmental testing usually
occurs earlier and is primarily oriented toward validating the system design, but may include an early assessment
of the system's performance in an operational environment. It is often characterized by testing partial systems
under benign test conditions, using test subjects who are considerably more knowledeable of the system than the
eventual users of the system will be. Operational testing generally concentrates on testing the whole system,
under realistic conditions, using as test subjects, either real users or personnel who closely represent the user in
terms of selection , training, and experience. The primary focus of Operational testing is to assess the system's
ability to perform its mission under realistic conditions.

Human engineering test and evaluation includes data in the following categories:

(@) Data collected to describe relevant characteristics of test participants. Commonality of data in this
area is necessary so the test specialist can more accurately use previous test results to make performance
predictions for a different system, set of test conditions etc. It also helps the test specialist to ensure that tests are
conducted using participants who are representative of the intended user.

(b) Measurement of operator workload. It is important to understand how much of an operator's
resources are required to produce satisfactory system performance. Two systems with the same level of overall
performance may impose quite different levels of workload on operators. Collection of these data also aids
decisions and tradeoffs needed to ensure that workload levels are even across time and optimized for short term
task performance as well as for sustained operation.
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(c) Measurement of human performance. A system's hardware may meet al human engineering design
criteriaand be liked by operators and maintainers and till fall short of performance expectations unless we verify
that operators and maintainers perform critical tasks to criterion, both under normal, benign conditions and under
degraded conditions.

(d) Assessment of user acceptance of the system. Even a system that has been well human engineered
for performance and safety may have characteristics that users find aversive and cause system performance to be
limited by that aspect of the human-machine interface.

(e) Measurements of hardware characteristics. The environment and physical attributes of a system can
have positive or negative influences on human performance. Therefore, it is important to measure physical
characteristics of the system such as size, weight, light levels, noise levels, crew workspace layout, ingress and
egress provisions, temperature, vibration, the brightness, legibility and labeling of displays, and the placement,
configuration and force requirements of controls. These measurements are then analysed and compared to design
reguirements or best engineering practices to determine if they are within acceptable ranges.

It is useful to distinguish between testing and evaluation since they are separate and distinct activities and
are often done by different persons and agencies.

Testing is the first part of the sequence and is concerned with test design, execution, and reporting. Its
purpose is to gather and present specific data that are needed to answer questions regarding a system's capability
to satisfy mission and user requirements. These data may include quantitative measurements of physical
properties such as force, time, distance, etc. as well as qualitative estimates of attributes such as comfort,
preference, and ease of use. Testing is hormally done by test agencies, but is occasionaly done by laboratories
and other research and development organizations. Persons who design the tests and analyze test data normally
have advanced degrees related to human factors, while data collectors may have only on- the-job training.

Evaluation, in this context, refers to decisions made based on knowledge provided by the test data. Its
purpose is to determine the significance of the test data in relation to a set of criteria and/or issues established by
appropriate authority that defines the required characteristics or capabilities of the system under test. Evaluation
of test data can be a direct comparison of the data to a criterion or an issue, with a conclusion about whether it
met, failed to meet, or exceeded the criterion or answered the issue, and a statement concerning the significance of
this result on mission performance of the item under test. Evaluation is often done by the agency procuring the
system by decision makers and other persons who have no formal training in human engineering. Compared to
testing, evaluation is usually done with much less scientific rigor and involves consideration of other variables
such as economic, political, or schedule constraints.

14 Method
The RSG adopted the following process to develop testing guidelines:

(8 A lead nation was appointed for each of the human engineering test and evaluation categories or
topics of interest described above (see Table 1). The lead nation's delegation was responsible for moderating
discussion of their topic and for writing initial and final drafts of the report 's chapter dealing with that topic.

(b) Using common data collection instruments developed by the RSG, each member of the RSG
collected inputs on each of the topics from his nation's armed services, coordinating them so as to arrive at the
RSG meeting with his nation's agreed upon position.

(c) The RSG worked as a team to develop consensus on any issues and to organize the inputs into agreed
upon test guidelines.

(d) The RSG reviewed initial drafts of each chapter and provided revisions to the lead nations for
incorporation in the final draft of the chapters.
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1.5 Organization of the Report

The remainder of the report is arranged by topic as depicted in Table 1, with the addition of a final chapter that
presents the overall conclusions and recommendations.

TABLE 1
Chapter Lead Nation
2. Description of Test Participants France
3. Measurement of Operator Workload Germany
4. Measurement of Human Task Performance United States
5. Assessment of User Acceptance United States

6. Measurement of Hardware Characteristics France



Chapter 2
Description of Test Participants

Because human performance influences total human-machine system performance, methods to account for the
variance contributed by the human component of the system are needed. Collection of data on test participant
characteristics that are believed to be relevant to their performance of tasks required in operation and maintenance
of the system offers a means of doing that. It also provides a means for human engineering test results to be
meaningfully shared across nations.

These data enable us to ensure that tests are conducted using participants whose performance is representative of
that of the intended user, or at least identify any relevant differences between the characteristics of the sample of
test participants and the target population of system users.

The data to accomplish this fall into three basic categories. biographic data, anthropometric data, and vocational
data.

Biographic Data

This category of data includes administrative and identification data, information on military and civilian training
the person brings with him to the test and system-specific training, and results of evaluations at the end of system-
specific training.

Anthropometric Data

Body measurement

Minima and maxima for such parameters as height and weight should be specified, giving due consideration to the
range of these dimensions expected in typical users when the system is fielded. One example application might
be to establish percentile cutoff scores first for height, then determine upper and lower percentile cutting scores
for weight at each height.

No personnel with a restricted-duty profile should be permitted to participate unless a task analysis reveals that
the restriction on his or her activities has no impact on the task required in the test.

Sensory Acuity

All participants should have had a recent (within the last 12 months) test of vision and audition. Minimum
standards should be stated for each of these sensory modalities depending upon an analysis of the requirements of
the tasks to be performed. A good starting point for standards might be those required of new inductees to the
military. Although there is room here for the application of judgment in individual tests, standards should
nonethel ess be established and stated, together with their rationale.

Vocational Data

The required military occupational specialty (MOS), complete with skill-level suffix, should be specified. This
specification should include a determination of whether the specified MOS must be the participant's primary MOS
or whether a person with this specialty in a secondary MOS is acceptable. If alternate specialties include the
required training and are acceptabl e substitutes, these should also be listed. In addition, the training-requirements
specifications should state whether the MOS must be a school-trained qualification or whether an on-the-job-
training (OJT) qualified person meets the requirements.
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Detailed description of his or her characteristics should be obtained by collecting, for example, the following
information on each test participant

1. Scores from aptitude tests administered when the participant first entered the military,
2. Scores from the participants most recent MOS tests,
3. A list (by descriptivetitle) of additional system-related training or courses compl eted,
4. Results of tests administered during system-specific training, including:

a. Minimum performance required, and

b. Level of performance attained by the participant.

As an aid to standardize collection of these data, the RSG proposes use of the Test Participant Data Form
provided below. The form has three parts.

- the first one, to be completed by the test participant, and checked out by the test conductor (paragraph A of the
form),

- the other ones, to be fulfilled by the test conductor (Parts B and C of the form).
Part A can usualy be provided by each participant from memory. Parts B and C should be available from
personnel files. Other pertinent administrative data, if any, can be collected or confirmed via a simple data

collection form administered on the first day of the test.

Parts A and B should be the same for most tests. Part C item selection depends upon the system being tested.
Examples presented are not exhaustive.



TEST PARTICIPANT

DATA FORM
A. To becompleted by test participant.
1. Last Name: First name:
2. Date (MM DD YY):
3. Gender: M F (circle one)
4. Draftee: D Volunteer: V (circle one)
5. Activeservicee A Reserve: R (circle one)
6. Grade/rank:

7. Military specialty code:

8. ld#:

9. Crew position (in test):

10. Months of experience (in tested crew position):
11. Height (centimeters):
12. Weight (kilograms):

13. Date of birth:
(DD MM YY)

14. Date entered service:
(DD MM YY)

15. Civilian education:

(@ 1234567891011 12 13 14 15 16 17 18 19 20
(circle number of years)

(b) Major area (if applicable):

(c) Highest level completed:

16. Preferred hand (circle one): Right  Left
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B. To be completed by test conductor for each participant:

17. Physical profile:

18. Armed services aptitudes battery standard scores:

19. Latest military specialty test score:

20. End-of-training proficiency results:

20.1. Written or oral exam scores:

20.2. Score required to pass:

20.3. Task performance:

Required
Task a
Task b
Task c
Task d
Task e

21. Other military training:

School Course

22. Other civilian training

School Course

C. Other measures as appropriate (including methods used)

For example;

23. Visual acuity, depth perception, preferred eye (right - left)...
24. Auditory acuity ...

25. Anthropometric data...

26. Color perception ...

27. Operation hours/type of system ...

28. Etc...

For more information, see appendix.

Obtained

Completed
Successfully?

(y/n)

Completed
Successfully?

(y/n)



Appendix
Part A:

- items 4 and 5 do not conflict: for example, a test participant can be either a draftee belonging to a reserve corps
or avolunteer in active service.

- item 15 (civilian education): related to primary and secondary school, college and graduate school, that means
the total number of years completed.

Part B:

- item 17: according to national standards, such as SIGY COP, ABOZHIS, PULHES, PULHEEMS. Explanation
on each physical profile rating must be provided, including database norms used for physical profile evaluation.

- item 18: according to national standards, such as ASVAB, BARB, EVP. Explanation of each aptitude battery
profile must be provided, including database norms used for battery tests.

- item 19: test scores must be given related to areference point (e.g.:threshold, mean. . .)

- item 20.3: provide a description of each task, if applicable.

Part C:

Part C depends upon which systems which are tested. Examples given in this section are not exhaustive.

- item 25: Anthropometric data provided in this section must be referred to the global population, or to some
specific sample, as required.

Glossary:

If specific terms are to be used by the test conductor or when wording is unusual, explanations must be givenin a
glossary.



This page has been deliberately left blank

Page intentionnellement blanche



11

Chapter 3

M easurement of Operator Workload

1 Summary

Workload can be defined as the portion of human resources an operator expends when performing a specified
task. As these resources are limited it must be prevented that the human operator is overloaded by a task
conducted within a system which can result in severe performance decrements. Furthermore, two systems with the
same level of overal performance may impose quite different levels of workload on operators. That is why it is
important to measure not only performance but also operator workload required to produce satisfactory system
performance. Collection of these data also aids decision and trade-off needed to insure that workload levels are
acceptably distributed across time and optimised for short term tasks as well as for sustained operations.

Workload is assessed by subjective methods, secondary tasks, physiological techniques and measures of primary
task performance. Furthermore, workload is evaluated by analytical techniques, which can be used aready in the
design phase of a system. Analytical techniques are not discussed here, as the goal of the research study group
was to mention only empirical methods. Measures of primary tasks will be discussed in the chapter on
performance measurement. Physiological and secondary task methods are not as important as rating scales for test
and evaluation and that is also why they are described only in short overviews. The reasons will be explained
more in detail in the corresponding chapters (e.g., controversial results, limited applicability, high implementation
demands, etc.). It is recommended to apply physiological and secondary task methods only as additional tools for
workload measurements (e.g. for continuous workload measurement).

For human engineering testing and evaluation subjective methods, especially rating scales, which assess operator
or observer judgements of a task have many advantages and relatively few disadvantages in measuring operator
workload compared to the other approaches. From the many rating scales used in test and evaluation four methods
- NASA-TLX (NASA Task Load Index), SWAT (Subjective Workload Assessment Technique), MCH (Modified
Cooper Harper Scale), and ZEIS (Sequential Judgement Scale) - are recommended for workload measurement and
will be described in detail in the following chapters. They have been selected asthey are all used in more than one
nation and they can fulfil satisfactorily a number of standards against which all workload measurement methods
must be compared (see the following chapters). In the following recommendations are given when to use these
four methods.

NASA-TLX can be applied with a very broad range of tasks. It should be used when there is a special interest in
diagnosticity, i.e., in detection of the sources of workload, which is possible by the six subscales of the method.
NASA-TLX has good face validity and validity. In comparative evaluations with other rating scales NASA-TLX
proved to be the most sensitive technique also with lower workload levels. When used during task performance
rating of the six subscales might cause interference with the main task, especially in high workload situations.

SWAT can also be applied with most tasks. But in contrast to NASA-TLX the method has been found to be not so
sensitive in low workload situations. As SWAT has only three subscales it can also be used during task
performance with low risk of interference with the main task but information about the sources of workload is
limited. Critical SWAT values predicting operator overload exist. Validity and face validity of SWAT is rated
lower than with NASA-TL X. Studies demonstrate that the complex and cumbersome data analysis of SWAT (and
of NASA-TLX) can possibly be dropped without any disadvantages.

MCH has been designed for workload assessment of tasks where the operator is less involved in active control of
the system and more occupied with activities typical for modern man-machine-systems like perception,
monitoring, evaluation, communication, and problem solving. The scale has demonstrated sensitivity in such tasks
during ssimulated flight but was less useful in other environments. It gives an estimate of overall workload but no
diagnostic information. In comparative studies sensitivity of MCH has been rated lower than with NASA-TLX
and with SWAT.
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ZEIS has been designed for evaluation of vehicle handling difficulty but is assumed to be applicable to a much
wider variety of tasks as task difficulty is regarded as one of the most relevant dimensions of workload. The scale
gives an overall estimate of workload without any diagnostic information. In comparative evaluations validity of
ZEIS resulted to be relatively high but validation has been restricted as yet mainly to motor tasks. As they are
unidimensional methods ZEIS and MCH might also be used during task performance without interfering with the
main task.

The list of these four methods is not exhaustive and other methods can also be conceived to be useful tools for
workload measurement. As an example two other promising approaches - SWORD (Subjective Workload
Dominance Technique) and the Bedford Scale - are added to the following description of workload measurement
scales.

Before this detailed descriptions are given different aspects of workload measurement in a test and evaluation
environment in different nations are presented.

2 Workload M easurement in Different Nations
21 Testing in the Dutch Armed Forces

NATO's Defence Research Group, Panel 8, Research Study Group 24 collects data on human engineering testing
and evaluation. The level of mental workload imposed on the military operator by the man-machine system is
important in this context because under- and overload can undermine the potential of the whole system. The
present document discusses the current status of workload testing in the Dutch armed forces and the trends for the
future.

Current Dutch military procurement procedures do not mention the concept of mental workload. Procurement
specifications may contain a clause stating that the to be procured system should satisfy "current ergonomic
standards’. In subsequent acceptance testing all specifications are evaluated. The emphasis is on technical
performance. If at al, workload is evaluated in a crude and intuitive way only and athough it is possible that
more extensive and systematic workload tests will be undertaken following a suspicion of questionable
workloads, no such cases are known.

Extensive and systematic workload tests are occasionally performed by externa contractors, mainly TNO in
Soesterberg, often on the persona initiative of a military officer who has a background in, or is interested in,
behavioural science. The impact of these studies on actual military systems is limited. Examples are cockpit
studies in which pilots under-training flew detailed missions while subjective, objective, and physiological data
were collected. The aim is fundamental knowledge and the development of an in-flight workload assessment
module. Other examples are the air traffic control studies in which operators on duty performed a secondary task
when possible. The aim was to evaluate whether the workload was tolerable. Possible consequences were in terms
of the numbers of personnel rather than in terms of system design.

For future trends, the growing awareness of the importance of human factors and the potential of the human
factors contribution to design deserves mentioning. The work of RSG 14 "on anaysis techniques for man-
machine systems design" has had a sizeable impact in this respect. In the Roya Netherlands airforce this
awareness has led to a limited participation of a human factors speciaist in the procurement of an air refueling
system. In the Royal Netherlands navy this awareness has led to a participation of human factors specialistsin the
design of warships and in the design of naval command and control facilities. This participation is expected to
become permanent.

22 Mental Workload Measurement in a Test and Evaluation Environment (USA)

A great deal of research has been undertaken in the development and application of mental workload assessment
techniques over the past severa years. The workload assessment literature over this period includes several
comprehensive reviews (e.g., Hancock and Meshkati, 1988; Lysaght et al., 1989; Moray, 1988; O'Donnell and
Eggemeier, 1986; Wierwille and Williges,1978). However, an informed practitioner, faced with the problem of
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performing a workload evaluation in a system under test could have some difficulty in selecting and applying
techniques. This is attributable both to the fact that there are many techniques (e.g., Lysaght et al., 1989; Moray,
1988; O'Donnell and Eggemeier, 1986; Wierwille and Williges, 1978) available, and that some conceptual issues
involved are very complex.

Assessment procedures might be divided into three categories. subjective procedures, performance-based
techniques, and physiological techniques. Subjective procedures are based on operator judgements of the
workload associated with performance of a task. Performance-based techniques assess workload by measuring
performance of tasks. Physiological techniques use differences in physiological responses to task performance to
estimate the workload imposed by performing the task. There are a number of individual assessment techniques
associated with each category.

There are several properties which aworkload assessment technique should have in order to be appropriate for use
in assessing workload in T&E. The most important of these is sensitivity, which is the degree to which a given
workload technique can distinguish differences in levels of load imposed on an operator. Sensitivity is a mgor
consideration in the choice of a measurement technique because the intent is to assess differences in the workload
imposed by the system under test. The property of global sensitivity is the capability to reflect variations in
different types of resource expenditure or factors that influence workload. Most subjective assessment procedures
and certain primary task and physiological measures demonstrate a broad bandwidth of sensitivity and therefore
gualify as globally sensitive measures of operator workload.

Another property isintrusion, which is an undesirable property in which introduction of the workload measuring
technique causes a change in operator-system performance.

For T&E, another important consideration is implementation requirements which includes any equipment or
instrumentation that is necessary to present information (e.g., the stimuli required for performance of a secondary
task) or record data (e.g., operator heart rate). Implementation requirements also include the data collection
procedures and any operator training (e.g., practice of a secondary task, familiarisation with rating scales) that is
associated with use of a technique.

Generally speaking, non intrusive workload techniques that have global sensitivity are of utmost importance in
T&E applications that require a general or overall screening of the workload levels associated with a system or
design option. Such techniques can be used with some confidence to determine whether an overall workload
problem exists or to differentiate the workload associated with two or more design options.

"Pure" forms of operator behaviour are rare in T& E. Usually operators perform functions that involve numerous
forms of behaviour, and the forms vary from task to task. A prime objective of workload measurement during
T&E must be to obtain an overall assessment. Techniques used for this purpose should have global sensitivity.
Otherwise, a shift in specific forms of operator behaviour may result in failure to detect workload differences.

There are several subjective assessment techniques that possess demonstrated sensitivity to a variety of demand
manipulations within complex systems (e.g., aircraft, air defence). Some of the most frequently employed
techniques that were designed for use in avariety of systems and that are therefore appropriate to arange of T& E
applications include the Modified Cooper Harper (MCH) Scale (Wierwille and Casali, 1983), the Subjective
Workload Assessment Technique (SWAT; Reid and Nygren, 1988), and the NASA Task Load Index (TLX; Hart
and Staveland, 1988).

The MCH, for example, has been successfully applied to assess workload in many flight simulation experiments
that incorporated several types of demand manipulations (e.g., Casali and Wierwille, 1983, 1984, Itoh et al., 1989;
Skipper, Rieger, and Wierwille, 1986; Wierwille et al., 1985b). SWAT has aso been extensively employed to
assess pilot workload. Representative applications (e.g., Battiste and Bortolussi, 1988; Corwin et al., 1989;
Hughes et al., 1990; Nataupsky and Abbott,1987; Ward and Hassoun, 1990) have demonstrated the sensitivity of
SWAT to different demand manipulations in the flight environment and are representative of results that have
been obtained with SWAT in other systems, such as military tanks (Whitaker et al., 1989). Likewise, TLX
sensitivity has been demonstrated in many flight experiments that incorporated different demand manipulations
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(e.g., Battiste and Bortolussi,1988; Corwin et a.,1989; Nataupsky and Abbott, 1987; Shively et al., 1987; Tsang
and Johnson, 1989; Vidulich and Bortolussi, 1988). All three measures and the Overall Workload Scale (Vidulich
and Tsang, 1987) have also been applied to derive an index of operator workload which proved sensitive to
several variables in a series of evaluations conducted within U.S. Army systems (e.g., remotely piloted vehicle,
mobile air defence) under various test conditions (Bittner et a., 1989; Byers et al., 1988; Hill et a., 1988).

The pattern of results that has emerged from these evauations indicates that the MCH, SWAT, and TLX
procedures represent globally sensitive measures of operator workload. Similar patterns have been demonstrated
with other techniques, such as the Bedford Scale (e.g., Roscoe, 1987; Roscoe and Ellis, 1990), which is designed
to assess pilot workload. Current results therefore indicate that subjective technigques can be generaly classified as
globally sensitive indexes of workload. Two of the noted techniques (i.e.,, SWAT and TLX) are multidimensional
and therefore can provide some diagnostic information on the sources of workload represented by the subscales
(e.g., mental effort load, time load) of the respective procedures. SWAT incorporates three such subscales, and
NASA-TLX includes six subscales.

Comparative evaluations involving two or more techniques have been conducted within avariety of scenarios that
range from the laboratory to simulation and T& E environments (e.g., Eggemeier and Wilson, 1991; Lysaght et dl.,
1989). For the most part, representative studies performed within a flight simulation environment (e.g., Battiste
and Bortolussi, 1988; Corwin et al., 1989; Nataupsky and Abbott, 1987; Tsang and Johnson, 1989; Vidulich and
Bortolussi, 1988) have not shown marked and consistent sensitivity differences among techniques. The previously
referenced series of experiments (Bittner et al.,1989; Byers et al., 1988; Hill et a., 1988) conducted within Army
systems did, however, demonstrate that the TLX procedure consistently demonstrated higher loadings than did the
SWAT and MCH on the overall index of subjective workload that was derived in each case. In addition, Nygren
(1991) compared the psychometric properties of the SWAT and TLX procedures and concluded that neither
technique was generaly preferable to the other. SWAT was viewed as having the greatest potential for
identification of factors such as cognitive mechanisms affecting mental workload judgements. Conversely, TLX
was seen as particularly appropriate for problems in applied settings and was considered potentially more
sensitive than SWAT at low levels of workload. Its applicability in applied settings and potential sensitivity at low
levels of workload suggest that TLX be given strong consideration in T&E applications, athough the specific
objectives of an evaluation should be considered when choosing a technique.

Intrusion is not usually considered an important factor in applications of subjective measures because these
techniques are typically administered after task performance. For instance, the previously referenced systematic
series of flight smulation experiments (Casali and Wierwille 1983, 1984; Wierwille et al. 1985a) resulted in no
differential intrusion with application of the MCH relative to the other performance-based and physiological
assessment procedures that were evaluated. Some applications of subjective techniques to complex systems (e.g.,
Corwin et al., 1989) have utilized postmission subjective ratings that were supported by videotapes of the mission
itself. This procedure represents an approach that can be considered when rating collection is precluded by
mission constraints or when intrusion that could be associated with concurrent-task performance and rating scale
completion is to be eliminated. Without videotapes or other aiding, delay of ratings for substantial periods
following task performance is not recommended. Such delays have the potential to be associated with the loss of
critical rating information from operator memory. Current evidence (e.g., Lutmer and Eggemeier, 1990; Moroney
et a., 1992), however, suggests that delays of up to 15 minutes may not be critical with some rating scales under
certain laboratory or simulator conditions.

Additional important considerations in T&E applications include implementation requirements and user
acceptance. Subjective assessment procedures typically require little instrumentation but differ in other
implementation requirements. Nominal applications of multidimensional procedures such as SWAT and TLX, for
example, require that data necessary to combine subscales into one workload estimate be gathered from operators.
The scale development procedure for the SWAT scale, for instance, can require approximately 1 hr to complete.
More detailed information concerning scale development requirements is available for the SWAT (e.g., Reid et
a., 1989) and the TLX (NASA Ames Research Center). User acceptance of subjective procedures is typicaly
high, and comparative information concerning techniques is not extensive. In one of the system test comparisons
noted earlier, Byers et a. (1988) reported higher user acceptance ratings of the TLX procedure relative to the
SWAT and MCH techniques.
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Finally, subjective measures also provide the potential for application in a projective mode, which can permit
some predictive assessment of the workload associated with proposed systems or design options that have not yet
been implemented. Such projective applications are based on descriptions of a proposed system or design option
(e.g., display formats), which are used by subject matter experts in order to project or estimate the workload that
would be associated with performance under stipulated conditions or mission scenarios (e.g., Reid et al., 1984;
Vidulich et a., 1991). Although reports of projective applications are not extensive, evidence indicates that
projective ratings gathered from subject matter experts may correlate highly with subjective ratings obtained after
participation in simulated missions (e.g., Eggleston, 1984; Vidulich et al., 1991).
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23 M easurement of Operator Workload Under Field Conditions (Ger many)

The present paper is written according to the program of work of NATO RSG 24:" Human Engineering Testing
and Evaluation” and is based on findings from testing and evaluation documents and on results on military
ergonomics research. Special emphasis is given to the measurement aspects of workload assessment methods. In
this respect three different kinds of relationships between the workload predictor and workload are distinguished:

- apredictor shows concordance with workload, if the predictor scores significantly vary in the same direction
as the workload levels as expected (e.g., significant increase in heart rate with increasing workload)

— a predictor shows discordance with workload, if the predictor scores vary in the opposite direction to the
workload levels than expected (e.g., error decrease in a secondary task while workload increases)

— apredictor shows indifference, when no significant relationship between predictor scores and workload levels
can be found.

The following findings reflect approximately the present state of the art of workload measurement in German
military ergonomics.
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Standardized Test Procedures

Up to now a standardized test procedure for workload measurement only exists for test and evaluation of land
based vehicles. It is based on the "Allied Vehicle Testing Publications’ (AVTP) of NATO (AC/ 225, Panel
[I/WGE 3) in connection with the STANAGs 4357 and 4358 and is also an agreement between the members of
the West European Union (WEU 4 FT 6). The respective test procedures are presented in the AVTPs and also in
the WEU Trial Series 09-100. From an ergonomic standpoint it is important that the standardized test procedure
for workload assessment as well as all other ergonomic test procedures have to be followed not only in bi- or
multilateral tests but are also abligatory for test and evaluation of systems in the Federal Armed Forces Testcenter
for Wheeled and Tracked Vehicles since 1992.

Results From Military Ergonomics Research

The findings are based on typical field experiments, in which the stressor variable could not unequivocally be
quantified. Furthermore some laboratory experiments are mentioned. The results are described under the
following classes of workload measurement methods:

— subjective methods

— performance measurement methods
— physiological methods

— secondary task methods

Analytical technigues are not mentioned because of the specific restrictions of the prediction.

Subjective Methods

Most workload research has been done with subjective methods. In the selected analyses subjectively experienced
workload was measured with longterm (32 days) submarine cruises (Rummel, 1992a) and with multiple hours
small military unit missions (Wiegand, 1988).

To measure workload and subjective fitness to perform Rummel used the BLV Questionnaire (Beanspruchung
und subjektives Leistungsvermogen: Workload and subjective fitness to perform; Bronner and Karger, 1985).
Inthe BLV questionnaire 24 items are assigned to the following four scales:

—  Psychische Anspannung (psychological tension)

— Subjektive Leistungsfahigkeit (subjective fitness to perform)

— Leistungsaversion (performance aversion)

— Ermidung (fatigue)

Significant effects during the mission were found with the scales "subjective fitness to perform"”, "performance
aversion" and "fatigue" whereas "psychological tension” did not differentiate significantly.

Concordance of scores from subjective methods with workload was also observed nearly always in the analysis of
Wiegand, who used a self report questionnaire (" Sel bstbeobachtungsfragebogen™) from Bartenwerfer (1960) and
from Apenburg (1986) ("Eigenzustandsskala') in a pre-post comparison. The questionnaire of Bartenwerfer
includes the following eight scales:

— Unternehmungslust (enterprising)

— Konzentration (concentration)

— Zeichen geistiger Erschopfung (symptoms of mental exhaustion)

— Zeichen korperlicher Erschdpfung (symptoms of physical exhaustion)
— Aktivation (activation)
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— Bereitschaft zur geistigen Tatigkeit (readiness for mental activities)
— Bereitschaft zur korperlichen Tétigkeit (readiness for physical activities)
— Ausgeglichenheit (psychological balancedness)

With the exception of the scale "psychological balancedness', which differentiated at p<0.05, al other scales
differentiated at p<0.001.

The questionnaire from Apenburg (1986) comprises 36 items with ratings with six steps which are combined into
the following eight subscales:

— Anstrengungsbereitschaft (readiness to make an effort)

— Kontaktbereitschaft (readiness to make contacts)

— Soziale Anerkennung (social recognition)

— Selbstsicherheit (selfassurance)

- Stimmungslage (mood)

— Spannungslage (tension level)

— Erholtheit (recoverdness)

— Schl&frigkeit (drowsiness)

With the questionnaire from Apenburg the subscales "readiness to make an effort”, "recoverdness' and

"drowsiness' differentiated at p<0.001 and the subscales "readiness to make contacts"' and "tension level" showed
significant results at p<0.05, whereas the other subscales did not show any significant effect.

In another experiment a tracking task with simplified car dynamics with three difficulty levels was used and
workload was measured with a rating scale with seven verbal descriptors (Pfendler,1982). The rating scale
differentiated significantly between all task levels at p<0.01.

In a learning experiment with a pattern detection task (Pfendler, 1993) a German version of NASA-TLX was
compared with the Sequential Judgement Scale ZEIS from Pitrella and K&ppler (1988). From the 12 learning
blocks, from which 66 multiple comparisons can be derived, 17 comparisons proved to be significantly different
with ZEIS and 16 with NASA-TLX at p<0.05. Both workload measurement methods showed consistence in 15
comparisons.

Performance Measurement Methods

Whereas the subjective methods differentiated in general in concordance with workload in the pre-post
comparisons under field conditions, this was not the case for most of the performance tests. These predictors
responded primarily indifferent or in discordance to workload. As an example the data of the analysis of Rummel
(1992b) and Wiegand (1988) are presented again.

Rummel used atest battery with five cognitive tests (Rummel, 1992):

—  QRST memory task

— mental arithmetics task

— sentence verification task

— dotting task

— number search task
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Only the corrections with the dotting task differentiated in concordance with workload. The other tasks did not
show any significant differences or showed performance improvements discordant to workload.

The same tendency was found in the analysis from Wiegand (1988). No differences could be found with the
scores in the two hand control tester, in the colour word interference test and in flicker fusion frequency.
Discordant to workload responded the scores in complex reaction tests. Concordant results to workload could be
demonstrated only with simple reaction time (p<0.001) and with continuous time estimation (p<0.001), which
showed a considerable reduction in variability. Another relevant result was the divergence between objective and
subjective data from complex reaction tests. After the loading mission a performance increment in this test was
subjectively experienced as performance decrement.

Physiological Methods

Physiological methods have shown remarkable good differentiation between different levels of physical workload
from environmental factors under laboratory conditions with quantifiable stressors like noise, vibration and
climate factors. That is why physiologica methods which measure heart rate, blood pressure, galvanic skin
response, muscle potentials and brain activity have been included in the standardized test procedure AVTP 90-
100. As some of them are very prone to artefacts these measures are used under field conditions only under
specia circumstances.

Problems with artefacts exist also when measuring mental workload with physiologica measures. But in
comparison to physical workload, differentiation is often poor even under more restricted conditions or the results
are at least contradictory. In the tracking task with simplified car dynamics from Pfendler (1982), heart rate could
differentiate significantly in only one from three comparisons and two significant comparisons could be found
with the best of four measures of heart rate irregularity, whereas three other measures did not show any significant
result.

A physiological predictor not prone to artefactsis salivary-cortisol-secretion, which responds highly concordant to
mental workload also under field conditions (Deinzer et a.,1991; Hellhammer, 1992). For further validation, for
potential acceptance of the method as a standard tool in military ergonomics, more experiments will be done with
multiple levels of workload.

Secondary Task Methods

There are only a few findings with the secondary task method. As an example, in the studies of Wiegand (1974,
1989) mental workload of soldiers of the Federal Armed Forces, when driving military trucks with and without
traffic, was measured. There was aso a differentiation between experienced and unexperienced drivers. In the
first experiment the subtest "digit span” (reproduction of digits) of the "Wechsler Adult Intelligence Scale" was
used as a secondary task. Lists with 20 items of three, four and five digits had to be reproduced backward while
driving. Only the lists with three and four digits differentiated significantly between driving with and without
traffic (p<0.05) with the unexperienced military truck drivers. Due to traffic law demands, a new predictor had to
be selected. Based on results from laboratory experiments continuous time estimation technique was used, in
which Subjects had to produce time intervals of 20 sec. The predictor did not differentiate in respect to measures
of central tendency, but all measures of variability (standard deviation, coefficient of variation, sum of
differences) differentiated in accordance to workload between levels of traffic and between levels of driving
experience of military truck drivers.

In the tracking task with simplified car dynamics Pfendler (1982) also used a secondary task. Subjects had to
monitor a display where a pointer randomly moved between three sections. The "alarm™ sections were on the left
and right side and the "normal" section was in the centre of the display. Subjects had to press a key, as long as the
pointer was moving in one of the alarm sections of the display. Percent of missed signals was calculated and two
of three comparisons between the difficulty levels of the tracking task were significant (p<0.01).
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3 Workload M easurement M ethods
31 Workload rating scales

When workload is analysed workload rating scales are utilized more often than all other measurement methods.
Workload rating scales are also often used as criteria against which other measurement methods are judged (Hart
and Wickens, 1990). The reason is that, "if the person feels loaded and effortful, he is loaded and effortful,
whatever the behavioural and performance measures show" (Johannsen et al.,1979). Furthermore, workload rating
scales in general have many other advantages compared to other workload measurement methods. That is why
they can be recommended especially for test and evaluation and why they are discussed more in detail.

Workload rating scales can be classified according to the level of measurement: nominal, ordinal, interval and
ratio scale level (Lysaght et al.,1989). Most rating scales have ordinal or interval scale level. On an ordinal scale
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level non-parametric statistics must be used, whereas on interval scale level the parametric methods can be
applied, which better use information in the experimental data. Ancther classification comes from Hart and
Wickens (1990), who differentiate between unidimensional, multidimensional and hierarchical rating scales.
Unidimensiona rating scales (e.g., Overal Workload (OW) Scale, Hill et al., 1992) measure only one dimension
and give an overall workload rating. They provide no diagnostic information about the sources of workload (Hart
and Wickens, 1990). They can also be used as afirst screening test, asthey can be administered very easily and do
not need much time. Therefore, unidimensional ratings can also be applied easier while performing a task.

To get diagnostic information one has to use multidimensional ratings of workload (e.g., SWAT, NASA-TLX),
which have several subscales and can detect the workload drivers. One disadvantage of multidimensional scales
is, that the more dimensions they have, the more difficult it is to use the ratings while performing a task, because
ratings can interfere with the main task.

Hierarchical rating scales (e.g., Modified Cooper-Harper Scale; Wierwille and Casali, 1983) have the advantage
that the rating is done in a step by step procedure with a decision tree, which makes the evaluation process easier.
Their disadvantage is, to give no diagnostic information (Hart and Wickens, 1990). But despite of all these
differences, Lysaght et al. (1989) came to the conclusion that in all studies with empirical comparisons of rating
scales in the same task, there is a good correspondence between the methods and they show in general the same
rank ordersin respect to the difficulty levels of the tasks.

The advantages common to most workload rating scales are, e.g.:

— High validity: in studies comparing different classes of workload measurement methods, workload rating
scales often show the highest validity (e.g., Hicks and Wierwille, 1979; Pfendler, 1982; Schick and Radtke,
1979).

— Highface validity.

— Minima costs. Data may be recorded by observer, video/audio tape, keyboard entry, or paper and pencil by
the subject.

- Easy to implement.

— Can be applied to awide range of tasks (Hart and Wickens, 1990).

— Non-intrusive when used after task completion.

— Can be used prognostically in the developmental phase of a system.

— When safety is threatened in an operational system, videos of a mission can be rated, or operator workload
can be evaluated by an observer.

The general disadvantages associated with most workload rating scales are:

— Rating scale results can be influenced by characteristics of respondents, like biases, response sets, errors and
pretest attitudes (Dyer et al., 1976). According to Dyer et a. "abiasis atendency to favour a certain position
or conclusion; or an attitude either for or against a certain unproved hypothesis which prevents an individual
from evaluating the evidence correctly. A response set or response hias refers to the tendency of a respondent
to answer questions in a particular way almost independent from the content of the question. And an error is
simply a mistake or departure from correctness'. Pretest attitudes are e.g., beliefs and opinions. Although
respondents’ characteristics might influence rating results, they might invalidate results only in extreme
situations. Furthermore, it is possible to work against such tendencies by appropriate instructions which
inform the rater about such pitfalls.

— The use of workload rating scales is not recommended, when it is likely that raters would fake results, have
low motivation, have prejudices, guess randomly, etc.

— Between rater variability is relatively high (Hart and Wickens, 1990).

— Raters have to be familiarized or trained with the scales before collecting ratings.
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Ratings do not provide continuous measurements of workload, only periodic measurements at best.

Negative memory effects are possible. Position effects of high workload events within low workload tasks are
discussed. In an experiment it was demonstrated, that rating values increased steadily, when a workload peak
approached the end of the task (Thornton, 1985).

To assure proper usage of the workload rating scale methods it is important to consider some general guidelines
for their use in test and evaluation. For this purpose test and evaluation has been structured into five different
phases:

a)

b)

Planning/test design:

The rating should be made immediately after exposure to each condition rather than after exposure to several
or all conditions to reduce dependence on memory.

Special attention is to devote to the experimental design. Order effects should be avoided by counterbalancing
etc. and confounding effects have to be controlled (Wierwille and Casali, 1983).

The sdlection of the experimental conditions to be rated should include a good range of the workload
dimension even if it is necessary to include items that need not be tested so as to give every rater a common
external reference of the dimension. For example, when planning the testing of the handling qualities of 12
different military light trucks with different payloads (Kéappler et al., 1988), three reference vehicles
representing a range from bad to average to good handling characteristics were included and exposed to all
rater-drivers prior to data collection.

When ratings are administered while performing a task, e.g., after the segments of a mission, one should take
care that the ratings are applied after critical workload periods, to prevent task interference and safety
problems in operational systems. The more subscales a method has, the more likely interference occurs. It is
better to make event related workload measurements than measurements at fixed time intervals to prevent
interference. Furthermore, subjects should have a clear understanding of measurement intervals. Intervals
should be easily identifiable and mutually exclusive. Recommended length of measurement intervals is 2-15
minutes. The subjects should be alerted when the ratings have to be done.

In a between-subjects design, raters can not directly compare conditions and make relative or comparative
ratings because they are only exposed to one condition. Such raters should be given the means to compare
stimuli for each condition to a common frame of reference, i.e., a rather large range of a common reference
stimuli dimension in a different but similar task in a pilot experiment preceding the main experiment.

Test preparation:

It is very important that raters are familiarized and trained with the rating scale before the experiment.
Subjects should at least perform some tasks varying from easy to difficult and rate these tasks in respect to
workload in order to get familiarized with the rating scale. The other extreme is calibration, in which the
experimenter presents to the subjects tasks varying in difficulty and shows the corresponding scale values. As
the amount of training is not specified there is an influence of the tester on experimental results of rating
scales. So, objectivity is limited in the data collection phase. Running a pilot experiment to establish the
necessary degree of training can avoid this problem. Calibration was done, e.g., in atank gunnery control task
(Kriger and Gartner, 1992). Before testing the difficulty of tracking targets from a simulated tank with 3
different control dynamics, subjects were exposed to a tracking task with a range of 13 task difficulty levels
ranging from extremely easy to impossible to control. To provide a baseline the subjects were "calibrated" by
presenting the easiest, most difficult and medium difficulty task levels and associating those difficulty levels
to the ends and middle of the rating scale. This was aso done to satisfy the requirements of a between-subject
design (see under "Planning").

Raters have to be familiarized and trained with the tasks before arating is given. These test conditions have to
be repeated in the data collection phase and the ratings should be given immediately after each test condition.
For example, in atest of truck handling (Kappler et al., 1988) al drivers first practised a double lane change
manoeuvre with all vehicles and load configurations before giving a rating. This had the effect of not only
familiarizing drivers with each vehicle they had to drive and the manoeuvre to be performed, but also gave
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them an impression of the range of vehicle handling qualities to be rated later. When a system is new for
subjects, familiarisation is not sufficient and a systematic training must be conducted before data collection, to
prevent that learning effects invalidate the results.

— The subjects should be informed about the most important biases, prejudices, etc. which can influence
workload rating scale resultsin order to avoid any influence as far as possible.

c) Datacollection:

— Datamay be recorded by observer, video/ audio tape, keyboard entry, or paper and pencil by the subject.

— Subjects should be alerted, when ratings have to be given, especially when ratings have to be made during
task completion.

— Assure that the tasks and stimuli are presented properly to subjects in the order specified by the experimental
design and that ratings are made by each subject after each stimulus. Identify each rating response correctly in
terms of stimuli, subject, group, etc. Computerisation can facilitate this task and assure a proper and
consistent presentation of stimuli aswell asthe rating scale itself.

d) Datareduction :

— When making the statistical analysis the measurement level of the workload measurement method used has to
be considered. Most ratings give ordinal or interval data and the appropriate nonparametric or parametric tests
have to be selected.

— In addition to the dtatistical tests, it is of interest to measure the reliability and validity of the scale,
discrimination or sensitivity between stimuli, discriminal dispersions around scale points, and any evidence of
biasesin order to get information about the quality of measurement.

e) Datainterpretation:

— No norms are available for data interpretation. The ranges of acceptable or inacceptable workload are not
known (Hart and Wickens, 1990). Only some coarse rules of thumb exist for SWAT and the Bedford Scale.
That means that objectivity in data interpretation is limited. Usually results are interpreted by comparing test
conditions, mission segments, etc.

— To compare rating results from different experiments is critical, as the ratings are relative and the
experimental conditions of one experiment have an important influence on the frame of reference for
evaluation. That iswhy the frame of reference can change from experiment to experiment.

- Measurement level of the workload rating scale method must be considered when comparing the results of
different experimental conditions. Ordina data, e.g., do not allow to say: System A is 50% lower in workload
than system B.

— Dissociation between different rating scale methods do not necessarily mean that one method is better than the
other, it can also mean that they measure different aspects of workload.

In the following chapters specific workload rating scales which are recommended for test and evaluation are
described and critically analyzed. The description and analysis of each method is organised into 14 sections
(including the references) so that the methods can be evaluated comparatively. The sections are sometimes
overlapping in contents, as it was tried to summarize all relevant aspects in each section without reference to
others. After the description of a method (1) important specific factors, which have to be considered in addition to
the genera factors in the different phases of testing and evaluation to assure proper usage of this workload
measurement method are mentioned (2). After these recommendations the specific advantages and disadvantages
of aworkload measurement method are reflected (3, 4). General advantages and disadvantages mentioned above
are only repeated in the specific descriptions of the methods, when it seemed to be especially important. In the
following sections it is discussed to which extend the specific method fulfils a number of criteria, which are
important preconditions for successful workload measurement (5-13). On the basis of these criteria workload
measurement methods can be evaluated, compared and sel ected for test and evaluation.
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These evaluation criteria are;

— Independence of the method from tester influence: In respect to data collection, data reduction, and
interpretation of the results (5)

— Vadlidity of the method: The degree to which the method measures what it isintended to measure (6)

— Redliability of the method: The degree of consistency and repeatability of scores obtained by the measurement
method (7)

— Feasibility of the method: The ability of the method to satisfy implementation demands (8)

— Economy of the method: The monetary costs of the method (9)

- Face Validity of the method: The degree to which the method appears to measure workload to the non-
specidlist (10)

- Interference of the method: The degree of non-intrusiveness of the method in respect to the main task (11)

— Diagnosticity of the method: The ability of the method to differentiate among different sources of workload
(12)

— Generdity of the method: The degree of applicability of the method to a wide variety of tasks (13)

These criteria could have been evaluated by rating scales. But for this purpose an appropriate sample of expert
raters would have been required as a considerable between subject variability was expected. So, simply the
empirical evidence from the literature is presented or conclusions have been drawn from other available
information about the methods.
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3.1.1 NASA Task Load Index (NASA-TLX)
(NASA, 1986; Hart and Staveland, 1988)

Description of the method

NASA TLX was derived from the NASA Bipolar-Rating Scale which has ten subscales (Hart and Staveland,
1988). Significant for the selection of the six subscales of NASA-TLX was the sensitivity of the subscales, the
statistical independence from other subscales and the subjective importance regarding the individual concepts of
workload (Lysaght et al., 1989). NASA recommends the application of NASA-TLX and not of the Bipolar Rating
Scale.

NASA-TLX is based on the assumption that workload is a hypothetical construct that represents the cost incurred
by a human operator to achieve a particular level of performance. Workload emerges from the interaction between
the requirements of a task, the circumstances under which it is performed and the skills, behaviours, and
perceptions of the operator (Hart and Staveland, 1988). Furtheron, workload is regarded as a multidimensional
construct so that consequently a workload measurement method must be made up of multiple workload
dimensions. Another aspect which was important in the development of NASA-TLX was the observation that
subjects showed great interindividual differences regarding the importance of the different workload dimensions,
when rating tasks. That is why the authors developed an individua weighting procedure for the different
workload dimensions, which is assumed to reduce between subject variability of the results (Lysaght et al., 1989).

The six subscales can be divided into three groups. Characteristics of the task: Mental, Physical and Time
Demands. Behavioural characteristics: Performance and Effort. Individual characteristic: Frustration. Each of the
bipolar subscales of NASA-TLX consists of 20 five point steps from 0-100, the endpoints having verbal
descriptors. The NASA-TLX subscale definitions (Hart and Staveland, 1988) are given in Figure 1.

There are two steps when using NASA-TLX: In the first phase the subject rates the task with regard to workload.
The scales are scored as follows: if the subject places his’her marks precisely on one of the tic-marks then the
value of that tic mark is used, but if the subject’s mark is between two tic-marks then the value of the right tic-
mark is used (NASA, 1986). In the second phase each subject makes a paired comparison, deciding with al 15
possible pair combinations of the 6 dimensions which pair element is more important with regard to workload in
the rated task. From the results a rank order of the dimensions from 0-5 is derived by which the individual
subscale scores of the rated task are weighted. By summing up the weighted subscale scores and dividing them by
the sum of the weights (= 15), the Mean Weighted Workload Score is obtained, that indicates workload in per
cent (Table 1). If two or more qualitatively different tasks are rated with regard to workload, a separate paired
comparison has to be made for each task (NASA 1986). There are no interpretation supports (e.g. about tolerance
levels, etc.) available.

NASA-TLX requires an adequate familiarization of the subject with the method. Before event scoring subjects
should use the rating scale on afew tasks (NASA, 1986). With sufficient training the subject needs approximately
one minute for event scoring and about three minutes for paired comparison.
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The weighting procedure of NASA-TLX was criticised by different authors. In a study of Pfendler (1991) with a
German version of NASA-TLX a better differentiation and better reliability were achieved with a Mean
Unweighted Workload Score of the six scales than with the Mean Weighted Workload Score. An increase in
between subject variability could not be noticed in contrast to the assumptions of the authors of NASA-TLX.
Unweighted and weighted workload scores correlated with r = 0.94. From the results the conclusion can be drawn
that the paired comparison can possibly be dropped. For further generalisation the results have to be verified with
a broader range of tasks. Similar arguments come from Nygren (1991), who describes the weighting procedure of
NASA-TLX asineffective and recommendsto ignore it simply.

Title Endpoints  Descriptions

MENTAL DEMAND Low/High How much mental and perceptua activity was required (e.g.,
thinking, deciding, calculating, remembering, looking, searching,
etc.)? Was the task easy or demanding, simple or complex,
exacting or forgiving?

PHYSICAL DEMAND Low/High How much physical activity was required (e.g., pushing, pulling,
turning, controlling, activating, etc.)? Was the task easy or
demanding, slow or brisk, slack or strenuous, restful or
laborious?

TEMPORAL DEMAND Low/High How much time pressure did you feel due to the rate or pace at
which the tasks or task elements occurred? Was the pace slow
and leisurely or rapid and frantic?

PERFORMANCE good/poor How successful do you think you were in accomplishing the
goals of the task set by the experimenter (or yourself)? How
satisfied were you with your performance in accomplishing these
goals?

EFFORT Low/High How hard did you have to work (mentally and physicaly) to
accomplish your level of performance?

FRUSTRATION LEVEL  Low/High How insecure, discouraged, irritated, stressed and annoyed

versus secure, gratified, content, relaxed and complacent did you
feel during the task?

Figure 1: NASA-TLX rating scale definitions (Hart and Staveland, 1988)
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Table 1: Scoring of NASA-TLX (fictitious example); underlined scale rated as more important by the Subject.

Paired Comparison: Computation of the mean weighted workload score:
Weighting Subscae Subscale Rating Weight Weighted
Score Subscale Rating
Score
EF-OP TD-MD MD=3  Menta Demand (MD) 25 Completed 3 75
TD-FR FR-EF PD=0  Physica Demand (PD) 5 0 0
TD-EF  OP-MD TD=5  Tempora Demand (TD) 65 5 325
PD-FR MD-EF OP=4 Performance (OD) 50 4 200
OP-FR OP-TD EF=2 Effort (EF) 50 2 100
PD-TD MD-PD FR=1 Frustration (FR) 25 1 25
PD-OP EF-PD
FR-MD Total 725
Weights 15
Mean Weighted
Workload Score 48

Factorsto consider in the phases of test and evaluation
(General factors: see introduction)

Using the six subscales during task performance might cause interference with the main task and influence
safety in an operational system.

Additional timeis needed to make the paired comparison.

When using NASA-TLX with different tasks, the paired comparison must be repeated.

It is favourable to have programs for scoring of raw data.

Parametric tests can be used for data analysis, as NASA-TL X data are assumed to have interval scale level.

Advantages of the method
(General advantages of workload rating scales. see introduction)

NASA-TLX has agood face validity, and thus a good acceptance by the subjects (Hill et al.,1992).

NASA-TLX can be applied with a very broad range of tasks in contrast to other workload measurement
methods (e.g. secondary tasks) (Hart and Wickens, 1990; see also below).

The authors assume that NASA-TLX hasinterval scale level.

The American version of NASA-TLX proved to be more valid than workload measurement methods like
SWAT and the Modified Cooper-Harper Scale (Byers et al., 1988; Battiste and Bortolussi, 1988; Hancock et
al., 1989).

NASA-TLX can aso be employed in a prognostic way during the concept development phase, if enough
details about the system are known (Beevis, 1992).

Because of the weighting procedure NASA-TLX is assumed to have less between subject variability than
other subjective methods (Hart and Wickens, 1990), but evidence is contradictory (e.g., Pfendler, 1993).
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Unlike with SWAT there are no floor effects with NASA-TLX during low workload situations (Battiste and
Bortolussi, 1988).

Dutch, English and German versions of the scale are available.

Disadvantages of the method
(General disadvantages of workload rating scales: see introduction)

Trandated versions of NASA-TLX (German and Dutch) showed lower sensitivity than the Sequential
Judgement Scale from Pitrella and Képpler (1988) (Pfendler, 1993), and a Dutch effort scale (BSMI)(Veltman
and Gaillard, 1993). The result might be explained by different connotations of the subscales of NASA-TLX
in other languages.

The original instructions are too extensive (Veltman and Gaillard, 1993) and use partly technical terms which
are not comprehensible to every subject.

The six subscales of NASA-TLX partly show significant intercorrelation (Pfendler and Widdel, 1988).

Because of its relatively high number of dimensions to be rated, NASA-TLX isless suitable for simultaneous
workload evaluations during task completion.

In some experiments the subscales "frustration” and "physical demands' only show a small relevance for
workload (Pfendler and Widdel, 1988; Sepehr, 1988; Veltman and Gaillard, 1993).

One subscale can be dropped because of the weighting procedure. When two different subscales are
eliminated by two different subjects the Mean Weighted Workload Scores of these two subjects are strictly
seen no more comparable. Suggestions for improvement with weights from 1-6 instead of 0-5 have been made
by Sepehr (1988).

I ndependence of the method from tester influence

The use of NASA-TLX requires a training of the subject with the method that is not specified more precisely.
Therefore, certain limitations concerning objectivity during data collection phase exist, while the objectivity of
scoring is given. The objectivity of data interpretation is also limited as there are no norms and tolerance levels
available (like with al other workload measurement methods).

Validity of the method
From the many workload studies using NASA-TLX some results relevant for validity are presented:

Operator Workload was evaluated with four subjective workload rating scales in three weapon systems
(remotely piloted vehicle, helicopter, air defence system). A factor analysis supplied one workload dimension
with NASA-TLX showing the highest factor loading (r = 0.899 - 0.942) (Hill et a., 1992).

In aflight smulator piloting tasks with different levels of complexity were carried out for the evaluation of
cockpit displays. Significant differences were obtained with NASA-TLX and SWAT but not with
physiological measurement methods (Nataupsky and Abbott, 1987).

Flights with and without system failures were carried out in a Boeing 727 flight simulator. NASA-TLX and
SWAT were sensitive to differences between these high and low workload flights and to differences among
flight segments. NASA-TLX but not SWAT was sensitive to the increase in workload during the cruise
segment of the high workload flight (Battiste and Bortolussi, 1988).

Workload was measured with NASA-TLX and SWAT while learning a tracking task and a significant
reduction of workload was observed during the course of learning. NASA-TLX supplied a better
differentiation than SWAT (Hancock et a., 1989).

When learning a pattern detection task a significant workload reduction was noticed with NASA-TLX
(Pfendler, 1993). The Sequential Judgement Scale (Pitrella and K&ppler, 1988) used in the same experiment
was dightly superior in validity. A better differentiation between the learning blocks and a higher validity
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coefficient was found with NASA-TLX, when using a Mean Unweighted Workload Score instead of the
Mean Weighted Workload Score.

— In a visual pattern recognition task with four different degrees of complexity, two significant workload
differences could be found between the two most simple and the most complex pattern (Pfendler and Widdel,
1988).

— When measuring workload of fighter pilots in a fixed base flight simulator, a unidimensional Dutch effort
scale (BSMI) proved to have higher sensitivity than NASA-TLX in an intercept and a havigational scenario.
The differences between flying curves and flying straight were only significant for the BSMI (Veltman and
Gaillard, 1993).

— In experimental comparisons high correlation between NASA-TLX and other rating scales could be measured
(Lysaght et al., 1989).

Reliability of the method

Vidulich and Tsang (1987) found average test-retest coefficients of r = 0.42 for the Mean Weighted Workload
Score. With a German version of the scale Pfendler and Widdel (1988) found intraclass coefficients of r = 0.84 by
analysis of variance. With the same method Pfendler (1991) found an intraclass coefficient of r = 0.56, being
lower than that of the Sequential Judgement Scale (r = 0.87) (Pitrella and K&ppler, 1988), which was compared to
NASA-TLX in this experiment. When using the Mean Unweighted Workload Score instead of the Mean
Weighted Workload Score the intraclass coefficient of NASA-TLX could be improved up to r = 0.750 without
increasing between subject variability. According to Battiste and Bortoluss (1988) NASA-TLX seems to have
higher reliability than SWAT (r =0.769 vs. r = 0.751)

Feasbility of the method

NASA-TLX requires only little instrumentation and can easily be implemented in any environment without
limitations.

Economy of the method

NASA-TLX haslow costsin respect to material and personnel. For scoring of NASA-TLX datait is advantageous
to have the appropriate programs. NASA-TLX needs, like al subjective procedures, a certain amount of training
for the subjects and the experimenter.

Face validity of the method

NASA-TLX has good face validity. In an experiment comparing NASA-TLX, SWAT, Overal Workload Scale
and Modified Cooper-Harper Scale, NASA-TLX proved to have the highest face validity in respect to workload
measurement (Byers et al., 1988).

I nterference of the method

There is no interference with the main task, when NASA-TLX is administered after task completion. Only when
evaluating workload while performing the main task, interference might exist, as it takes some time to make six
ratings. But that depends on the difficulty level of the task and the familiarity with NASA-TLX. When system
safety is an important aspect, a possible solution to this problem might be to use postmission subjective ratings
that were supported by videotapes of the mission (Wierwille and Eggemeier, 1993).

Diagnosticity of the method

NASA-TLX is assumed to have acceptable diagnosticity because it uses 6 subscales, which can be analysed
separately. Nevertheless there are limitations, as a study with a German version has shown, that more than 50% of
al possible intercorrelation between the subscales are significant and some subscales (Frustration Level, and
Physical Demand) might be not so relevant (Pfendler and Widdel, 1988). On the other side, the weights given to
each subscale provide additional diagnostic information (Hart and Wickens, 1990).
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Generality of the method

NASA-TLX can be used in basic and applied research, in the field of ergonomics, industrial psychology, and
man-machine-communication. NASA-TLX has been applied in environments ranging from the laboratory to
military and civilian helicopter, general aviation, transport, and military jet simulators and aircraft, and in ground-
based systems (Hart and Wickens, 1990). German versions of NASA-TLX were used in the laboratory in visual
pattern recognition tasks (Pfendler and Widdel, 1988), and in pattern detection tasks (Pfendler, 1991). Sepehr
(1988) applied a German version to error-detection in program-text, to driving tasks in the simulator and in the
real system, to tracking tasks and to piloting tasksin aflight simulator.
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3.1.2 Subjective Workload Assessment Technique (SWAT)
(Armstrong Aerospace Medical Research Laboratory, 1987; Reid et al., 1981a; Reid et al., 1989)
Description of the method

SWAT is a subjective workload measurement method in which the subjects rate the workload of a task on the
basis of the dimensions of "time load", "mental effort load", and "psychological stress load". The SWAT
dimensions are derived from a workload definition from Sheridan and Simpson (1979). The method uses conjoint
measurement and scaling (Eggemeier et a., 1982; Krantz and Twersky, 1971) and the ratings on these
dimensions, which are made on an ordinal scale level can be combined into one overall workload score on an
interval scale level. Each of the three subscales has three levels in the form of a category scale with verbal
descriptors that outline each dimension (Reid and Nygren,1988):

[. TimeLoad

1. Often have sparetime. Interruptions or overlap among activities occur infrequently or not at all.

2. Often have spare time. Interruptions or overlap among activities occur infrequently.
3

Almost never have spare time. Interruptions or overlap among activities are very frequent, or occur al the
time.

II. Mental Effort Load

1. Very little conscious mental effort or concentration required. Activity is almost automatic, requiring little or
no attention.

2. Moderate conscious mental effort or concentration required. Complexity of activity is moderately high due to
uncertainty, unpredictability, or unfamiliarity. Considerable attention required.

3. Extensive mental effort and concentration are necessary. Very complex activity requiring total attention.

[11. Psychological Stress Load
1. Littleconfusion, risk, frustration, or anxiety exists and can be easily accommodated.

2. Moderate stress due to confusion, frustration, or anxiety noticeably adds to workload. Significant
compensation is required to maintain adegquate performance.
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3. High to very intense stress due to confusion, frustration, or anxiety. High to extreme determination and self-
control required.

Thereis also a German Version of SWAT (Schick et al., 1989) and furthermore PRO-SWAT (Projective-SWAT)
can be used prognostically with systems which are still in the design phase (Kuperman, 1985; Kuperman and
Wilson, 1985; Beevis, 1992).

When applying SWAT one can distinguish two phases: scale development phase and event-scoring phase. In scale
development the subject has to rank order all 27 combinations of the three levels of each of the three dimensions
according to her individual perception of increasing workload. For this purpose the subject uses 27 cards with
descriptions of these 27 combinations. After that, it is necessary to test with a computer program if the card sort is
in accordance to a series of mathematical axioms so that conjoint measurement and scaling can be applied. But the
method allows some axiom violations (Reid and Nygren, 1988). After this procedure the SWAT technique uses
conjoint analysis to convert the rank data of the card sort into an interval scale from 0-100 in which each of these
27 combinations has afixed value.

Asin genera individual different card sorts are given, each subject also gets an individual scale solution. If there
is enough agreement between the card sorts of a group of subjects a single group scale can be constructed
(Lysaght et al., 1989). This can be tested by Kendall’s Coefficient of Concordance (W). A group solution is
possible if W is .75 or higher (Reid and Nygren, 1988). If W is below this value a procedure called SWAT
prototyping is applied. This procedure for grouping subjects into homogeneous subgroups is assumed to provide
greater precision of measurement (Reid et al., 1982). From the SWAT dimensions time load (T), mental effort
load (E), and psychological stress load (S) six hypothetical prototypes (TES, TSE, ETS, EST, STE, SET) have
been developed, characterized by hypothetical card sorts which place different emphasis on the three dimensions.
The TES prototype, e.g., places the greatest emphasis on time, the second on effort, and third on psychological
stress.

To find out which prototype corresponds best to an individual rank order, raters” rank orderings are correlated
with each of the six prototype orderings, which can be done by Spearman’s Rho (Reid and Nygren, 1988). The
highest correlation indicates which prototype corresponds best. Subjects with the highest correlation in one
prototype are grouped together and a common scale solution has to be found.

After scale development event scoring can take place, in which the subject evaluates the relevant task with regard
to time load, mental effort load, and psychological stress load (e.g., 2, 1, 3). The scale value associated with this
combination (e.g., 30.5) is the dependent variable used in the further analysis.

The original SWAT scores, based on conjoint measurement and scaling, have been compared to scores, based
simply on summated ratings from the three SWAT subscales or to composite scores, derived from multivariate
statistics (Biers and Masline, 1987; Biers and Mc Inerney, 1988). The results showed that the three kinds of scores
were equally sensitive and highly correlated. The conclusion is drawn that workload measurement with SWAT
can also be done effectively without going through scale development phase.

Factorsto consider in test and evaluation
(General factors: see introduction)

—  When workload assessment is done with SWAT while performing a task, be aware of interference with the
main task.

— SWAT training and card sort requires about 1.5 hours per subject.
- Software to do conjoint scaling is required.
— Requires experimenter decisions to specify scale type and adequacy .

- "Redline" values have been developed (Reid and Colle, 1988). Workload problems causing performance
degradation may start at scores between 30-50.

- Keepinmind that SWAT scores are interval and not ratio scale data.
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Advantages of the method

(General advantages of workload rating scales. see introduction)
- Measurement on interval scale level.

— Asthe evaluation is very time economic, SWAT can aso be used during task completion without interfering
with the main task, when not applied in critical workload periods.

— SWAT can be used prognostically.

— Critical SWAT values for predicting operator overload exist (Reid and Colle, 1988)

— SWAT can be applied with avery broad range of tasks (Hart and Wickens, 1990).

— Low cost and ease of usein real time. So SWAT can be used especially when time and resources are critical.
— Published record of application in laboratory and field settings.

Disadvantages of the method

(General disadvantages of workload rating scales: see introduction)

- SWAT dimensions are derived intuitively not empirically.

— Therearesignificant intercorrelation between al SWAT dimensions (Boyd, 1983).

— Scale development can be problematic. It is time consuming (20-60 minutes) and affords good verbal
abilities. The motivation to perform the card sort is sometimes low as it is not very interesting (Lysaght et a.,
1989). Nevertheless, it must be done conscientiously. When not done properly this might have severe
consequences for the validity of results. The experimenter has to understand the need for card sort and "sell" it
to the subjects.

— Theauthors are not very precise in respect to the number of axiom violations allowed.

— Although computerised, data analysis in respect to conjoint measurement and scaling is extensive in
comparison to most other workload measurement methods.

— When analysing the subscales separately, the evaluation is rather coarse as the number of levels (3) in each
dimension islimited.

— There are indications of low sengsitivity of SWAT at low workload levels (Battiste and Bortolussi, 1988).
There have been approaches to solve such problems with a five point scale, but this would increase the
difficulty of scale development, as the card sort would be extended to 125 combinations.

-  SWAT isless sensitive for short duration intervals.

I ndependence of the method from tester influence

As SWAT, like al other subjective methods, needs some training, the amount of training, which is not specified,
might influence the results. Furthermore it is not exactly specified how many axiom violations in the card sort are
tolerable. So the tester has some degrees of freedom to decide which card sort can be accepted or must be
rejected. Finally the interpretation of the workload score is not very objective, like with other methods, but at least
some "rules of thumb" exist.

Validity of the method

Overviews on validity of SWAT can be found with Reid and Nygren (1988) and Lysaght et al. (1989). According
to these authors SWAT has proven to be a valid workload indicator in many laboratory experiments and in
applied settings with a strong emphasis on aviation application. In the following some workload studies,
demonsgtrating the validity of SWAT, are summarized:

— Critical tracking and simulated radio communication (Reid et a., 1981b). SWAT differentiated between all
three levels of the tracking task.
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— Spatial memory (Eggemeier and Stadler, 1984). Complexity of histograms (2 versus 6 bars) and length of the
retention interval (16 versus 32 seconds) had a significant influence on SWAT scores. No significant
influence had the spatial orientation of the histograms (rotations of 0, 90, 180 degrees).

— Short term memory (Eggemeier et a., 1982). Significant influence of the number of elements (2, 3, 4) that
had to be updated in memory and of element presentation rate (interstimulus intervals of 0.5, 2.0, 3.5 and 5.0
seconds) on SWAT scores.

—  Probability monitoring (Notestine, 1984). Significant differences between two difficulty levels were found.

— Tracking (Hancock et al., 1989). Workload significantly decreased when learning a tracking task. SWAT
proved to have lower sensitivity than NASA-TLX.

— Criterion Task Set (CTS) testbattery (Polzella and Reed, 1987). Consists of the following tasks: Continuous
recall, grammatical reasoning, language processing, mathematical processing, memory search, spatia
processing, unstable tracking, probability monitoring, interval production. A multidimensional scaling
analysis of SWAT ratings of the CTS test battery resulted in two orthogonal dimensions. response time and
task effort.

— Simulated landing approaches (Schick et al., 1989). SWAT differentiated significantly between flight
segments with and without windshear and between the first five segments of the landing approach. No effects
or only small effects could be found with ECG and EMG parameters and with pilot activity.

— Simulated transport flights (Battiste and Bortolussi, 1988). SWAT differentiated between high and low
workload flights and also among flight segments. NASA-TL X was more sensitive than SWAT.

— Operation of weapon systems (remotely piloted vehicle, helicopter, air defence system) (Hill et al., 1992).
Factor analysis revealed a single workload factor. NASA-TL X had higher factor loadings than SWAT.

— Auviation-like psychomotor dual-task (Kilmer et al., 1988). SWAT was more sensitive in respect to task
difficulty (three levels of wind gusts) than the Modified Cooper-Harper Scale.

Reliability of the method

Reliability of card sorts was estimated in two studies. Correlation of four pilots, making the card sort before and
after the main experiment, ranged from 0.77- 1.00 (Gidcumb, 1985). Also Reid and Nygren (1988) found high
correlation from retests which emphasis stability of card sorts.

Reliability of SWAT in the event scoring phase was estimated by Battiste and Bortolussi (1988). They found
average retest coefficients of r = 0.751, which were lower than those of NASA-TLX.

Feasibility of the method

The scale development phase is crucia for the scale construction. But low motivation when making the card sort
and low verbal abilities can endanger this phase and consequently the successful use of SWAT. In addition,
software is needed to analyse card sort results. On the other side scale development phase might be ignored (Biers
and Madsline, 1987; Biers and Mc Inerney, 1988). Seen away from scale development, SWAT is easy to
implement. Event-scoring is very time economic and can also be done during task completion, when it is timed
properly. PRO-SWAT can aso be applied in the design phase of a system, when enough detailed information
about the system is available (Kuperman, 1985; Kuperman and Wilson, 1985; Beevis, 1992).

Economy of the method

Card sort can be time consuming (at least 20 minutes) and, when the scale development phase is not ignored, the
following data analysis is also more time consuming than with other methods and has to be done by computer. In
al other respects SWAT is very inexpensive and in comparison to scale development the event scoring is
performed very quickly.
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Face validity of the method

In a study from Hill et a. (1992) subjects rated NASA-TLX and the Overall Workload (OW) Scale better than
SWAT in respect to the ability to assess workload. The Modified Cooper-Harper Scale was rated to have the same
face validity as SWAT.

I nterference of the method

When SWAT is used after task completion the method can not interfere with the primary task. When SWAT is
used during task completion there might be some limited interference with the primary task, but that depends on
subject’s familiarity with the task and with SWAT. The interference should be lower than with NASA-TLX, as
the subjects have to report only three numbers referring to the three SWAT subscales. An event related data
collection appears to be a better alternative than data collection at fixed time intervals (Lysaght et al., 1989).
Another possible solution, especially when safety is threatened, is to use SWAT with postmission videotapes
(Corwin, 1992).

Diagnosticity of the method

As SWAT consists of three subscales a certain amount of diagnosticity can be expected, when the subscales are
analysed separately. A restriction exists in so far as the subscales have significant intercorrelations (Boyd, 1983),
and as each subscale has only three levels. Nevertheless Reid and Nygren (1988) found examples of good
diagnosticity of SWAT. E.g., Potter and Acton (1985) observed that Mental Effort Load scale increased most at
the lower levels of a continuous recall task whereas Time Load and Psychological Stress Load scales changed
more at the moderate and high difficulty levels of the task. The differential sensitivity of the dimensions was also
shown with another study (Potter, 1986).

Generality of the method

Seen away from the restrictions mentioned in this description of SWAT, this method can be applied to a very
broad spectrum of tasks. SWAT was used with many laboratory tasks (see under "validity"). Reid and Nygren
(1988) have listed the following SWAT application studies in simulation and operational environments:

Category: System:
Simulation
Aircraft - F-16/F-15 Air-to-Air

- KC-135 Flight Deck Modernisation

- A-300 Approach and Landing (Schick and Hann, 1987)
- B-52 Long Mission (Skelly and Purvis, 1985)

- DC-10 Approach and Landing (Biferno and Reed, 1983)
- B-52 CG/Fuel Level Advisory System

- Helicopter NOE (HAWORTH et al., 1987 )

- General Aviation Training (Haskell and Reed, 1985)

Control Center - Ground Launch Missile (Crabtree et a.,1984; Acton and
Crabtree, 1985)
- Nuclear Power Plant Training (Beare and Dorris, 1984)
- Oil Refinery (Beville Engineering, Inc., 1986)

Operational

Aircraft - F-16 Flight Test*
- A-10 Flight Test*
- Laser Guided Missile Flight Test* (Ossard et al., 1987)

Control Center - C-1412 Air Drop/Air Land**
- KC-10 Boom Operator** (Dodge et al., 1984)
- Command and Control Center** (Courtright and Kuperman, 1984 )

* Flight Test
** Operationa Test & Evaluation (OT&E)
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3.1.3 Modified Cooper-Harper (MCH) Scale
(Wierwille and Casali, 1983)

Description of the method

The Cooper-Harper Scale (Cooper and Harper, 1969) has been used successfully for evaluation of aircraft
handling tasks and other motor tasks. In more advanced complex automatic systems the human operator’s role has
changed and he is less involved in active control of the system and more occupied with activities like perception,
monitoring, evaluation, communication, and problem solving (Wierwille and Casali, 1983). As the original
Cooper-Harper Scale was not developed for evaluation of such activities, Wierwille and Casali (1983) modified
this method, so that it can be utilized with tasks, characteristic for modern systems. The derived Maodified Cooper-
Harper (MCH) Scale (Figure 1) retains the decision tree of the original scale but has changed the wording. The
authors assume that the scale gives areliable overall assessment of workload at least on arelative basis.

Factorsto consider in test and evaluation
(General factors: see introduction)

Wierwille and Casali (1983) make some recommendations in respect to the appropriate use of the MCH Scale:
— Itisrecommended that the MCH Scale is used in experiments where overall workload is evaluated.

— The MCH Scale has been validated in a simulated flight environment with perceptual, mediational (cognitive)
and communication tasks. The authors assume that the scale will also be sensitive in other environments with
such tasks, typical for modern operator machine systems.

— Good experimental design is necessary. Order of presentation has to be counterbalanced and possible
confounding processes has to be controlled.

— Ratings should be given immediately after the task to be rated.
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— Subjects need careful instruction and adequate training.

— The scale hasto be presented in an adequate size. The magnified form of the original scale (in Wierwille and
Casdli, 1983) should have approximately 26.5 cm in the horizontal.

— According to Lysaght et al. (1989) the MCH Scale measures on ordinal scale level, so that nonparametric
statistical tests have to be used.

Advantages of the method
(General advantages of workload rating scales: see introduction)

— Thedecision tree makes the rating easier by allowing sequential decisions.

— Therating is very time economic and can also be used while performing atask.

Disadvantages of the method
(General disadvantages of workload rating scales: see introduction)

— The scaleis based on the assumption that the two dimensions performance and effort are associated. But the
relationship between both dimensions is much more complex than assumed.

— The scaleis based on the assumption that low workload is highly desirable. But in low workload situations
very often problems of vigilance and monotony arise.

- Asthe scaleis presented in the form of a category rating, the values may result in ordinal scale data (Pitrella
and Ké&ppler, 1988).

- Thescalehasalow diagnosticity.

— Measurement ison ordinal scale level.
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Easy, Operator mental effort is low and 5
desirable desired performance is attainable
Fair Acceptable operator mental effort is
mildv required to attain adequate system 3
difficulty performance
) ] Moderately high operator mental effort is
Minor but annoying  required to attain adequate system
difficulty performance 4
Moderately High operator mental effort is required 5
objectionable to attain adequate system performance
difficulty
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but tolerable required to attain adequate system
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Major difficulty required to bring errors to moderate 7
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. Maximum operator mental effort is
Major difficulty required to avoid large or numerous 8
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o Intense operator mental effort is
Major difficulty required to accomplish task, but 9
frequent or numerous errors persist
L | Impossible Instructed task cannot be
P accomplished reliably 10

Figure 1: Modified Cooper-Harper Scale

I ndependence of the method from tester influence

41

As with all subjective scales, there may be an influence from the tester, as the instructions and the subjects’

training with the scale are not specified. Furthermore, no norms or other aids for data interpretation exist.

Validity of the method

Wierwille and Casali (1983) conducted three experiments varying perceptual, mediational, and communicational
load to test validity of the MCH Scale:
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- Perceptua experiment: Load in aflight simulator was manipulated in a cross country flight in three levels by
varying the rate and number of danger conditions on the engine status displays (e.g. oil temperature). The
pilots had to detect and identify the danger conditions. A compensation had not to be made. MCH Scale
showed significant differences between all workload levels.

- Mediational (cognitive) experiment: While flying in a ssimulator pilots had to solve navigational tasks with
three levels of difficulty, based on the number and complexity of the problems. The subjects verbalized the
results of the prablems without implementing them into the flight. The MCH Scale showed two significant
differences between workload levels.

— Communications experiment: The task consisted of aircraft control and communications in a flight simulator.
For aircraft control pilots had to carry out commands in respect to, e.g., heading, altitude, airspeed given from
the tower. The aircraft control task was not changed in difficulty. In addition pilots had to perform a call sign
detection task, which was varied in three difficulty levels. The task was assumed to include aspects of
communications detection, comprehension, and response execution. MCH Scale showed two significant
differences between workload levels.

— Operator Workload was evaluated with four subjective workload rating scales (SWAT, NASA-TLX, OW,
MCH) in three weapon systems (remotely piloted vehicle, helicopter, air defence system). A factor analysis
supplied one workload dimension with MCH showing the lowest factor loadings (r = 0.799-0.904) (Hill et al.,
1992).

— Students performed an aviation like psychomotor dual-task (Kilmer et al., 1988). SWAT was more sensitive
in respect to task difficulty (three levels of wind gusts) than the MCH Scale.

Reliability of the method

Skipper et a. (1986) conducted a communication experiment using the MCH scale, like in the study from Casali
and Wierwille (1983). The MCH Scale results in both experiments were nearly identical. The conclusion can be
drawn that the MCH Scale has agood reliability. Further reliability estimates of the scale are not known.

Feasibility of the method

The MCH Scale can be implemented very easily without any instrumentation. Training with the scale is
necessary.

Economy of the method

High economy seen away from training with the scale.

Face validity of the method

In the study from Hill et a. (1992) NASA-TLX and a scale measuring overall workload (OW) were rated better in
respect to face validity than the MCH Scale. MCH Scale was rated approximately as good as SWAT.

I nterference of the method

Intrusion is only expected when the rating is done during task completion. In this case intrusion depends on
familiarity with the task, task difficulty, and familiarity with the MCH Scale.

Diagnosticity of the method

MCH is unidimensional and provides only a measure of overall workload. The method can identify problems but
does not give any diagnostic information. For a careful analysis of the problem other methods have to be used.
Generality of the method

According to Hart and Wickens (1990) MCH Scale has demonstrated sensitivity in simulated flight but was less
useful in other environments. Main emphasis in the simulated flight experiments was on perceptual, cognitive,
and communication load and not on motor load.
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3.1.4 Sequential Judgement Scale (Zwei-Ebenen Intensitéts-Skala, ZEIS)
(Pitrellaand K&ppler, 1988)

Description of the method

Corresponding to 14 scale design guidelines compiled from the literature, from ergonomic design principles, and
from experiments that indicate a positive influence for a principle on reliability and validity of rating scales,
Pitrella and Ké&ppler (1988) constructed the Sequential Judgement Scale in order to rate the difficulty of vehicle
handling tasks experienced by drivers. The design of the scale was based on the following principles:

Use continuous instead of category scale formats.

Use both verbal descriptors and numbers at scale points.
Use descriptors at all major scale markings.

Use horizontal rather than vertical scale formats.

Either use extreme or no descriptors at end points.

Use short, precise, and value-unloaded descriptors.

Use empirically determined rank-ordered descriptors.
Select and use equidistant descriptors.

Use psychologically-scaled descriptors.

Use positive numbers only.

Have desirable qualities increase to the right.

Use descriptors free of evaluation demands and biases.
Use 11 or more scale points as avail able descriptors permit.
Minimise rater workload with suitable aids.
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Although designed in response to the need for a better scale to evaluate vehicle handling, the rating scale
measures task difficulty and can be applied to a much wider variety of tasks. As subjective experienced task
difficulty can be seen as one of the most relevant dimensions of workload, important aspects of workload are
measured. The authors found the Sequential Judgement Scale to have interval scale properties as tested by a
method from Torgerson (1958) (Ké&ppler and Pitrella, 1988). This permits the use of parametric statistics on rating
data. An eleven and afifteen point version of the scale in German, Dutch and English languages are available.

The English version of the fifteen point scale, that was used in a complex telemanipulation experiment (Spain and
Holzhausen, 1991), is shown below (Figure 1). The instructions in the graphics preceeding the scale itself has to
be adapted to each task. According to Képpler and Pitrella (1988) the rating is facilitated for the subjects by the
two leve scale design requiring subjects to make two judgements in sequence, first a coarse judgement, and then
a second finer one. The first judgement is made according to three basic categories "difficult", "medium" or
"easy". This first level choice graphically switches subjects to specific instructions, and then to a smaller
appropriate section of the full continuous scale in order to make a finer rating by marking the line at the
appropriate point. Subjects are permitted to cross over to the adjacent section. These three scale sections consist of
fewer points so that the workload of subjects is reduced. Consequently the rating can be made with the workload
of two short scales but with the precision of a longer scale. Questions and user guidance instructions were
integrated into the scale as far as possible to assure that all subjects receive identical instructions and that these are
available at the right time. In this way objectivity of the scaleisincreased. A cognitive model of the internal rating
process has been developed by Pitrella (19894).

Scoring of the scale is done by measuring subjects mark on the scale in millimetres. In order to get a score which
is comparable to other scales which increase with subjective task difficulty it is recommended to measure from
the scale€’s right end point and to transfer the measure into a percentage score of the whole scale. In this way
scales of different sizes can also be compared.

( Rating Scale for SPATIAL-MANIPULATION Task \

Y ou may notice that the visual information you get from the monitor you are using affects how easy or how
difficult it isto grasp and manipulate objects. Please judge whether the task with this monitor was difficult,
medium, or easy to perform and mark the correct box below with an X. Then follow the arrow below.

[0 biFFicULT 0 wmebium J easy

- J

’ l

DIFFICULT MEDIUM \( EASY \
Now rate carefully. exactl Now consider carefully, whether Now rate carefully, exactly
o, Y y the task is exactly medium how easy the task was.
how difficult the task was. . ) o
. : or slightly in the direction
Record a/our ratlr;]g l;y marking towards difficult or easy. Record your rating by marking
any where on the line, on or . . i
bgtween the scale marks Record your rating by marking on anywhere on the line, on or
' : the line, or between the scale between, the scale marks.
marks
very mostly rather moderately somewhat barely neither difficult barely ~ somewhat moderately  rather mostly very
difficult difficult difficult difficult difficult difficult nor easy easy easy easy easy easy easy
l ] ] ] ] ] ] ] ] ] ] ]
I ! I ! I ! I ! I ! I ! I ! I ! I ! I ! I ! I ! I ! I ! 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 1: Fifteen point form of the Sequential Judgement Scale



Factorsto consider in the phases of test and evaluation
(General factors: see introduction)

The instructions in the graphics preceeding the scale has to be adapted to each task.

In the statistical analysis, parametric tests can be used, as the Sequential Judgement Scale was tested to have
interval scale properties.

In contrast to most other workload rating scale methods high rating scores with the Sequential Judgement
Scale mean low difficulty level, when not transformed.

Advantages of the method
(General advantages of workload rating scales : see introduction)

Interval scale level.
Can be used for measuring workload during task completion as only alittle time is needed.
Dutch, English and German versions of the scale are available.

Can aso be used with different workload dimensions (e.g. the basic scale design could be used for each of the
scale dimensions of NASA-TLX).

L ess open to the central tendency bias than other scales.
Rating scale is based on design principles which have a positive influence on scale performance.

Good rater acceptance.

Disadvantages of the method
(General disadvantages of workload rating scales: see introduction)

If only overall workload is measured, rating results will have low diagnosticity.

Limited information on validity of the scale.

I ndependence of the method from tester influence

All rating scales need a certain amount of training. The Sequential Judgement Scale has been shown to require
only orientation rather than training to achieve reasonable results although rating performance may be improved
by training. This reduces tester influence. Also, the incorporation of written instructions as an integral part of the
scale eliminates tester influence possible when the tester personally reads or instructs subjects in the use of the
scale. Like with most other scales no norms or other interpretation aids exist.

Validity of the method
Some experiments have been made to validate the scale, but the datais as yet limited:

Truck handling (Ké&ppler et al., 1988): Closed-loop double lane change manoeuvres were made to compare
handling qualities of 12 light weight military trucks. The comparison was based on rating scale results.
Independent variables: 4 different payload categories, speed of 60 km/h and highest safe speed, loaded and
unloaded trucks, 2- and 4-wheel drive. Rating results with the Dutch language Sequential Judgement Scale:
27 different configurations were compared, which resulted in 351 possible pair combinations. From these
comparisons 90% were significantly different with respect to subjectively experienced task difficulty.
Significant differences in ratings were found between loaded and unloaded trucks and between different
models of trucks. No significant differences were found between payload categories nor between 2- and 4-
wheel-drive.

Experimental car handling (Képpler and Godthelp, 1989): The experiment involved closed loop straight lane
driving at 100 km/h. Independent variables: Tire pressure variations (3), lane width variations (4). Data from
this experiment were used to calculate the first validation correlation of the Dutch language Sequential
Judgement Scale. Validity correlation between vehicle handling ratings and tire pressures and lane widths
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varied between 0.96 and 1.0. All variations were significant and ratings indicated increasing difficulty with
decreasing tire pressure and lane width.

— Manua tracking (Pitrella, 1989b): In a laboratory experiment to validate the 15 point German language
Sequential Judgement Scale ten different difficulty levels of atracking task were presented to the subjects. A
validity coefficient was calculated between the ratings of task difficulty and a combination of amplitude and
frequency of the tracking forcing function. The correlation varied from 0.88 (the lowest correlation for a
single subject) to 0.99 (the highest correlation for a single subject) and reached 0.99 for the group. Sensitivity
of the scale permitted a significant discrimination between all 45 combinations of the ten difficulty levels. A
comparison of rating results with the objective measure (RMS error) indicated that the rating results equalled
the validity and sensitivity of the objective measure.

— Learning (Pfendler, 1993): Validity coefficients (estimates of omega square = 02) taken when learning a
colour pattern detection task give rise to the assumption of the Sequential Judgement Scale (o2 =0.762) being
superior to the German version of NASA-TLX (o2 = 0.708). From the 12 learning blocks, from which 66
multiple comparisons can be derived, 17 comparisons proved to be significantly different with ZEIS and 16
with NASA-TLX at p<0.05. Both workload measurement methods were consistent in 15 comparisons.

Reliability of the method

— Truck handling (K&ppler et al., 1988): When rating vehicle handling with the Dutch eleven point Sequential
Judgement Scale reliability coefficients varied between 0.92 and 0.99 with rater group data and 0.64 for single
raters.

- Manual Tracking (Pitrella, 1989b): When rating difficulty levels in target tracking tasks with the German
fifteen point Sequential Judgement Scale reliability correlation were 0.99 with rater group data while single
rater reliability was 0.87.

— Learning (Pfendler, 1993): A reliability coefficient derived from an analysis of variance (intraclass
correlation) showed a correlation of 0.87 for single ratersin an experiment involving the learning of patterns
in a visual recognition task. With the German version of NASA-TLX a correlation coefficient of 0.56 was
calculated.

Feasbility of the method

A paper and pencil version and a computerized version of the scale are available which have nearly no

implementation restrictions at all.

Economy of the method

Minimal costs.

Face Validity of the method
High face validity.

I nterference of the method

When used after task completion no interference exists. There is little interference, if any, when used periodically
during atask, as only one rating has to be given. But this effect depends on familiarity of subjects with the scale,
the task to be rated, and the difficulty level of the task. With alow task difficulty level no interference is expected.

Diagnogticity

Low diagnosticity as only one dimension is measured in general. But: the scale format could also be applied with
different dimensions, e.g., with the six dimensions of NASA-TLX. Thiswould provide higher diagnosticity.
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Generality

The Sequential Judgement Scale can be applied to any task that can be measured with a difficulty intensity scale.
In addition to the above mentioned studies the scale was also applied, e. g., in acomparison of three different tank
gunnery control systems (Krliger and Gartner, 1992). The scale can also be adapted to other dimensions if a
suitable set of descriptors can be found.
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3.1.5 Subjective Workload Dominance (SWORD) Technique
(Vidulich, 1989)

Description of the method

The Subjective Workload Dominance (SWORD) technique (Vidulich, 1989) was derived from a technique called
the Analytic Hierarchy Process (AHP), developed by Saaty (1980), to evaluate any dimension. Lidderdale (1987)
was the first who applied the method to subjective workload assessment. In contrast to the origina AHP, the
method was modified. Whereas AHP uses the eigenvector matrix calculation algorithm to transform the raw data
into the rating scale values, Lidderdale applied the geometric mean method, which is easier to understand and to
calculate and comes to comparable results. Lidderdale also applied a different rating scale with less scale points
than AHP. SWORD uses the rating scale recommended by Saaty (1980) combined with the geometric mean
transformation. Vidulich (1989) points out that the results with this transformation are essentially identical with
the results, when using the eigenvector calculation algorithm. There are al'so some important differences between
SWORD and most other workload rating scale techniques (Vidulich, 1989). In contrast to most other techniques,
which are based on absolute comparisons (without referring to the other task conditions), SWORD uses relative
comparisons, i.e., each task is individually compared to all other tasks. Furthermore, when using SWORD tasks
are evauated retrospectively after having completed all tasks. With other methods (e.g., SWAT, NASA-TLX)
tasks are evaluated immediately, one after the other, to avoid negative memory effects. Finally SWORD ratings



48

have ratio scale level (Vidulich et al., 1991), whereas most other approaches have only interval or ordinal scale
level. Consequently there are no restrictionsin statistical data analysis when using SWORD.

The SWORD method is based on a paired comparison and uses three main steps. (1) Collecting the raw
judgement data. (2) Constructing the judgement matrices, and (3) calculating the SWORD ratings. The following
summarizes the description of Vidulich et al. (1991).

(1) Collecting the raw judgement data: After performing all tasks the rater has to make a paired comparison
between all possible task combinations in respect to workload. For each comparison arating scale with 17 discrete
steps is presented. One task appears on the left endpoint of the scale, the other one on the right hand side. When
the rater experiences the two tasks as equal in workload, he makes a mark on the "Equal” in the centre of the
rating scale. The more dominant one task isin respect to workload, the closer to the endpoint of the dominant task
the mark will be placed by the rater in the corresponding category of the scale. To characterize the relative
workload dominance of one of both tasks, nine verbal descriptors with "Equa" in the centre and "Weak",
"Strong", "Very Strong" and "Absolute” at both sides of the centre are added to the scale (Figure 1).

(2) Constructing the judgement matrix: In the judgement matrix the rows and columns correspond to the tasks
which are compared two by two. Each cdl in the matrix shows the result of the paired comparison of the
corresponding task in the row and the task in the column. The diagonal from the upper left to the lower right
shows the comparison of each task with itself and contains the values one. The upper right part of the matrix
contains a value of one, when the compared tasks have approximately the same workload level, avalue from 2, 3,
4,5, 6, 7, 8 or 9, when the task on the left hand side of the rating scale is dominant (2, meaning the lowest
dominance level and 9 the highest), or the reciprocal of these numbers (1/2, 1/3........ 1/9, where 1/9 means the
highest dominance level), when the task on the right hand side of the rating scale is dominant in respect to
workload. The lower left side of the matrix is filled with the reciprocals of the corresponding upper right cells
(Figure 2).
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A — — — — —
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B _—— - - - - - - - - - - — — — — C
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B _——_— - - - — - == — - — — — @ -— @ -— — D
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B — — — — — — — b e — — — — — — — E
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Figure 1: SWORD evaluation form
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Figure 2: SWORD judgement matrix

(3) Caculating the ratings: For each row of the matrix the geometric mean is calculated. These values are
normalized. The resulting values are the workload ratings of each task. Problems can arise, when ratings are not
consistent. "If task A israted twice as hard as task B, and task B is rated three times as hard as task C, than task A
should be rated six times as hard as task C" (Vidulich et a., 1991). The authors also describe a measure to
evaluate consistency (Vidulich et al., 1991).

Factorsto consider in test and evaluation
(General factors: see introduction)

Evaluation is done after performing all tasks.

The number of tasks which can be compared is limited.

Retrospection is hecessary.

The tasks has to be identifiable in the evaluation form for the paired comparison.

SWORD has ratio scale properties (Vidulich et al., 1991) and therefore no limitations for data analysis and
interpretation.

Advantages of the method
(General advantages of workload rating scales. see introduction)

SWORD hasratio scalelevel.

Relative comparisons are easier to perform than absolute comparisons (e.g. SWAT), as the subject can focus
on the relationship between only two conditions (Vidulich and Tsang, 1987).

Pro-SWORD can be used for projective purposes (Vidulich et al., 1991).

As SWORD is based on retrospective ratings it has better retest reliability than immediate rating techniques
like, e.g., NASA-TLX (Vidulich, 1989).

Demonstrated higher sensitivity than NASA-TLX and OW (a unidimensional workload scale; Hill et a.,
1992) (Vidulich, 1989).

Consistency of rater judgements can be measured.



50
Disadvantages of the method
(General disadvantages of workload rating scales: see introduction)

— As SWORD is based on paired comparison the number of tasks which can be compared is limited. The
number of comparisonsis 1/2n(n-1). When too many tasks have to be compared (e.g., 45 comparisons with 10
tasks) memory is overloaded.

— SWORD cannot be done during task completion.
— As SWORD isbased on retrospection, memory effects can influence the results (e.g., position effects).

— Thetasks have to be identifiable in the evaluation form for the paired comparison.

I ndependence of the method from tester influence

The use of SWORD requires a training of the subjects with the method that is not specified more precisely.
Therefore, certain limitations concerning objectivity during data collection phase exist, while the objectivity of
scoring is given. The objectivity of data interpretation is also limited as there are no norms and tolerance levels
available (like with most other workload measurement methods).

Validity of the method

— Subjective workload was measured with an auditory and visua single axis tracking task, performed under
single and dual task conditions (Vidulich and Tsang, 1987). AHP (which differs from SWORD only in
transformation of raw data, but comes to essentially the same results) was compared to NASA-TLX and the
Overall Workload (OW) Scale and demonstrated the highest validity, measured by the variance accounted for.

— Projective validity of Pro-SWORD was tested in a comparison of six head-up displays, while measuring
workload with SWORD in a projective and a retrospective way (Vidulich et al., 1991). The projective group
consisted of F-16 pilots, who were familiar with only one format of these displays, whereas the retrospective
group consisted of F-16 pilots, who had used all display formats in a simulator study. The correlation between
the ratings of both groups was highly positive (r = 0.94).

Reliability of the method

In the study of Vidulich and Tsang (1987) test-retest reliability was measured and AHP was observed to have the

highest mean correlation coefficients (r=0.896) in comparison to NASA-TLX (r = 0.421) and OW (r = 0.274).

Feasibility of the method

SWORD can be implemented very easily and needs only few instrumentation.

Economy of the method

SWORD is not as economic as other unidimensional workload measurement methods, especially when there are
many experimental conditions. Data collection with SWORD takes more time than with other unidimensional
workload measurement methods, as all tasks have to be compared with each other. Furthermore, raw data
transformation can be cumbersome when no software is available.

Face validity of the method

Although there are no empirical data about face validity available, SWORD is assumed to have good face
validity.

I nterference of the method

SWORD does not interfere with the main task as the rating cannot be done during task completion.

Diagnosticity of the method

As SWORD is unidimensional, the method cannot differentiate between different sources of workload.
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Generality of the method

SWORD is applicable when not too many tasks, experimental conditions etc. have to be compared in respect to
workload, as all tasks have to be compared with each other. E.g., with ten tasks 45 comparisons have to be made.
Then, also the problems of memory overload and of position effects arise. Furthermore, the tasks to be compared
must have such characteristics, that they can be easily verbalized by the experimenter and identified easily by the
subject so that the paired comparison can be done. Consequently experimental conditions differing in quantity
(e.g., tracking tasks differing in difficulty level) are difficult to compare, as it is difficult to verbalize the
experimental conditions. Conditions differing in quality (e.g., different display formats) can be compared much
more easier. Also mission segments can only be compared when they can be identified easily by the subjects.

References

Hill, S., lavecchia, H., Byers, J., Bittner, A.C., Zaklad, A.L., and Christ, R.E., (1992). Comparison of four
subjective workload rating scales. Human Factors, 34 (4), 429-439.

Lidderdale, I.G. (1987). Measurement of aircrew workload during low-level flight. In A.H. Roscoe (Ed.), The
practical assessment of pilot workload, AGARDograph No. 282 (pp. 78-82). Neuilly sur Seine, France:
AGARD.

Saaty, T.L. (1980). The analytic hierarchy process. New Y ork: McGraw-Hill.

Vidulich, M.A., (1989). The use of judgement matrices in subjective workload assessment: The Subjective
Workload Dominance (SWORD) Technique. In Proceedings of the Human Factors Society 33rd Annual
Meseting (pp. 1406-1410). Santa Monica, CA: Human Factors and Ergonomics Society.

Vidulich, M.A. and Tsang, P.A. (1987). Absolute magnitude estimation and relative judgement approaches to
subjective workload assessment. In Proceedings of the Human Factors Society 31st Annual Meeting (pp.
1057-1061). Santa Monica, CA: Human Factors and Ergonomics Society.

Vidulich, M.A., Ward, G.F., and Shueren, J. (1991). Using the Subjective Workload Dominance (SWORD)
Technique for projective workload assessment. Human Factors, 33(6), 677-691.

3.1.6 Bedford Scale
(Ellis and Roscoe, 1982)

Description of the method

The Bedford Scale was derived from the Cooper-Harper (CH) Scale (Cooper and Harper, 1969) by Ellis and
Roscoe(1982) and uses the same decision tree method. Whereas the CH Scale is used to rate experienced handling
gualities of aircraft, the Bedford scale is centred on workload measurement by assessing experienced spare
capacity of pilots (Figure 1). In contrast to the other hierarchical scales half ratings are allowed (e.g., 5.5).
According to Roscoe (1987) "Pilot workload is the integrated mental and physical effort required to satisfy the
perceived demands of a specified flight task". The scale has been generally welcomed by military and civil airline
pilots as this interpretation of workload can be accepted by most pilots (Roscoe, 1987).
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Decision Tree Workload Description  Rating

Workload insignificant WL1

Workload low WL2

vy

Enough spare capacity for al
desirable additional tasks WL3

Insufficient spare capacity for easy
attention to additional tasks WL4

Reduced spare capacity: additional
tasks cannot be given the desired | \W L5
amount of attention

Was workload satisfactory
without reduction?

Little spare capacity: Level of effort
alows little attention to additional | WL6
tasks

R,

Very little spare capacity, but
maintenance of effort in the WL7
primary tasks not in question

Very high workload with almost

no spare capacity. Difficulty in [ \WL8
maintaining level of effort

Was workload tolerable for
the task?

Extremely high workload. No
spare capacity. Serious doubtsas | WL 9
to maintain level of effort

R

NO Task abandoned. Pilot unable to

Was it possible to complete
P P apply sufficient effort WL10

the task?

f

Y

Figure 1: The Bedford Scale (Roscoe, 1987)

Factorsto consider in test and evaluation
(General factors: see introduction)

- In-flight ratings with single-seat aircraft are critical, as the rating can interfere with the main task (Roscoe,
1987, Lidderdale, 1987)).

— The Bedford Scale is most valuable when the pilot is flying manually and less valuable when he is only
monitoring (Roscoe, 1987).

— Thescaeisinappropriate for postflight debriefings (Lidderdale, 1987).

— Knee pads with ten push buttons can be used to make in-flight ratings. The scale contents can be remembered
easily (Lidderdale, 1987).

— Scaletraining needs less than half an hour.
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— Ratings are given within 15 minutes of each task completion.

- Method requires data gathering sheets designed for the mission that are used with the Bedford Scale. Subject
comments are used to fine tune the questionnaires.

- Extensive notes and comments are needed (either recorded by the evaluator, an audio recorder, or on the
audio track of avideo recorder).

— Asthe Bedford Scaleisnot linear (Roscoe, 1987), nonparametric statistics have to be used.

— Different experiences of pilots influence rating results which are therefore not absolute workload ratings.
Consequently results from different pilots cannot be compared (Roscoe, 1987).

— Rating values between about 1-3 are considered as tolerable (Wainwright, 1987)

Advantages of the method
(General advantages of workload rating scales. see introduction)

— The Bedford Scale works for global workload assessment.
— Thescaleissimple. It also works well for explaining test results to the uninitiated.
The Bedford Scale is well accepted by most pilots.

The decision tree makes the rating easier by making sequential decisions.

Therating is very time economic and can also be used while performing a task.

Disadvantages of the method
(General disadvantages of workload rating scales: see introduction)

— Database for vaidity and reliability of the method is insufficient.
— Thescaeissimple. Each respondent attaches different meanings to the ratings and their descriptions.
— Pilotstend to provide low ratings on any flying task they perform.

— Poor sengitivity in the lower range of the scale. It does not distinguish workload well in the 1 to 3 rating
range.

— Diagnosticity is aproblem. Once aproblem isidentified, it is difficult to pinpoint what the exact problem may
be. Additional techniques are required.

— Measurement ison ordinal scale level.

I ndependence of the method from tester influence

As with all subjective scales, there may be an influence from the tester, as the instructions and the subjects’
training with the scale are not exactly specified. As well, no norms for data interpretation exist. But Wainwright
(1987) gives some aids for interpretation of results. According to him "a satisfactory workload is not only
demonstrated by all ratings falling in the range 1 to 3, but also when mean workload is in that range, with some
deviations into the acceptable bracket".

Validity of the method

The Bedford Scale was mostly utilised in applied settings (Lysaght et al., 1989). Lidderdale (1987), eg.,
measured workload of aircrew during alow level flight in an advanced combat aircraft at night or in poor weather.
The mission was subdivided into ten sections. In-flight measurement of workload was done with the Bedford
Scale, whereas the Analytic Hierarchy Process method (Saaty, 1980) was used for post-flight measurement. There
was a high correlation between the results from both methods. Seen away from one experiment (Tsang and
Johnson, 1987) having atoo small data base, Lysaght et al. (1989) could not find other studies using the Bedford
Scale in controlled settings with defined levels of task difficulty. This means that there are not enough data on
validity of the Bedford Scale available.
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Reliability of the method
No data on reliability of the Bedford Scale could be found.

Feasibility of the method

According to Lidderdale (1987) the Bedford Scale "has proved to be a practical solution to in-flight measurement
even during the most demanding tasks", but is not suitable for single-seat operations, as there is no second crew
member to ask for an assessment.

Economy of the method
High economy seen away from training with the scale.

Face validity of the method

The Bedford Scale is based on aworkload definition which can be accepted by most pilots (Roscoe, 1987). In this
respect the Bedford Scale has a high face validity.

I nterference of the method

Lidderdale (1987) demonstrated that the rating did not interfere significantly with the primary tasks of the pilot
and the navigator even under the most demanding conditions. The method is not assumed to be suitable with
single seat operations as task interference is expected.

Diagnosticity of the method

The Bedford Scale is unidimensional and provides only a measure of overall workload. The method can identify
problems but does not give any diagnostic information. For a careful analysis of the problem other methods have
to be used.

Generality of the method

According to Hart and Wickens (1990) the Bedford Scale was explicitly developed for in-flight measurement of
workload and has been used widely in Europe to evaluate pilot workload in military and civilian aircraft and in
simulation and flight research in the United States, but has received limited use in non-aviation environments. But
when the word "pilot" is replaced by "operator”, the Bedford Scale can aso be applied to other operational
environments (Lysaght et al., 1989).
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Aside from subjective methods there are also analytical techniques, secondary tasks, physiological techniques and
measures of primary task performance which can be used for workload evaluation. Analytical techniques are not
discussed here, as the goal of the research study group was to mention only methods which can be applied with
existing systems. Measures of primary tasks will be discussed in the chapter of performance measurement.
Physiological methods and secondary tasks are not as important as rating scales for test and evaluation and that is
also why they are described only in short overviews. The reasons will be explained more in detail in the
corresponding chapters (e.g., controversia results, limited applicability, high implementation demands, etc.). In
most cases these methods should be used only as additional tools, when there are special reasons to apply them.
The overviews on these methods will follow the same outline as the descriptions of the rating scale methods, as
the same criteriaare valid also for the evaluation of these approaches to workload measurement.

32 Secondary Task Method

Description of the method

Secondary tasks as workload measurement methods were developed as tools to assess the work capacity and
limitations of the human operator with respect to primary task performance (Bornemann, 1942; Lysaght et al.,
1989). In this paradigm the operator is required to perform a secondary task while performing the primary task at
the same time. The method is based on the assumption that the human operator as an information processing
system has only limited channel capacity and the spare capacity left by the primary task is filled up by the
secondary task. The higher the performance decrement in the secondary task the lower is the remaining spare
capacity of the operator in the particular primary task and the higher is operator workload (Brown, 1962;
O'Donnel and Eggemeier, 1986). Lysaght et al. (1989) distinguish about 26 different classes of secondary tasks
(e.g., choice reaction time tasks, tracking tasks, monitoring tasks etc.). In contrast to the external secondary tasks
the embedded secondary tasks (e.g., radio communication when flying an aircraft) are part of normal system
functions (Wierwille and Eggemeier, 1993). They appear as a natural and integral part of the task of interest (Hart
and Wickens, 1990) and reduce the main problems of conventional external secondary tasks: task intrusion, poor
operator acceptance, and high implementation demands (Lysaght et al., 1989).

Factorsto consider in the phases of test and evaluation

—  Workload measurement is secondary task specific: which aspect of workload is measured depends on the
selected secondary task. When using different kinds of secondary tasks with the same primary task, the results
can dissociate.

— Selection of secondary tasks: Such secondary tasks should be selected, which require the same resources
necessary for performance of the primary tasks (Hart and Wickens, 1990).

— The use of embedded secondary tasks is recommended as they avoid the general problems encountered with
conventional secondary tasks.

— Some tasks produce such a high workload (e.g., mental mathematics) that a secondary task cannot be added
(Lysaght et al., 1989).

— Secondary tasks require a sufficient amount of training without and with the simultaneously performed
primary task.

— The possibility of secondary task intrusion on primary task should always be considered carefully. Safety
aspects should not be neglected in operational systems.

— Secondary tasks measure on interval scale level. Use of parametric statistics is possible.
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Advantages of the method
— Objective workload assessment with minimal influence of subjective factors.
— Good diagnosticity when using different secondary tasks.

- Measurement of continuous workload is possible with some secondary tasks, e.g., with tracking tasks (Hart
and Wickens, 1990).

— Measurement on interval scale level allows better use of information. E.g., calculation of means and standard
deviationsis possible. This allows to derive several workload scores from one secondary task.

Disadvantages of the method

— Studies with secondary tasks show contradicting results. Ogden et al. (1979) compared 144 secondary tasks.
For most tasks there is one study showing an improvement, another degradation, and a third no change of the
secondary task performance with increasing workload (Lysaght et al., 1989).

— The secondary task can interfere with the primary task and can cause a performance decrement in it. This can
threaten safety in an operational system.

— Lega aspects have to be considered when using secondary tasksin field experiments.

— Secondary tasks require a sufficient amount of training.

— Operator acceptance is often a problem with secondary tasks.

— Attention allocation between secondary task and primary task can be unstable and invalidate the resuilts.
— Theimplementation costs can be high, if not an embedded secondary task is used.

— The recommendations for selection of secondary tasks are contradictory. Some authors insist on interference
of secondary tasks with primary tasks, others want to avoid interference.

— Theresults can depend on the subjects ability to perform two tasks at the same time.

— Secondary tasks measure task specific. Results from different main tasks but with the same secondary task
cannot be compared, as interaction between main tasks and secondary tasksis different.

I ndependence of the method from tester influence

As all secondary tasks need a certain amount of training they are not completely independend from the tester. The
tester must decide when performance in the secondary task is asymptotic and when the training can be finished. If
the training is finished too early there can be a confounding of learning and of the experimental conditions.

Validity of the method

Many validation studies with secondary tasks have been conducted but results are contradictory and no general
conclusions about their validity can be drawn (Ogden et. al., 1979). Only some examples of these studies will be
presented here. An excellent overview can be found in Lysaght et al. (1989).

Some experiments have been done with car driving tasks under field conditions and validity of some secondary
task approaches could be demonstrated. Brown (1962, 1965) and Brown et al. (1966) used an auditory secondary
task to measure workload during car driving and found significant differences between driving conditions.

In the studies of Wiegand (1974, 1989) soldiers with different amounts of driving experience drove military
trucks with and without traffic and workload was measured with a secondary task. In the first experiment the
subtest "digit span" (reproduction of digits) of the "Wechdler Adult Intelligence Scale" was used as a secondary
task. Lists with 20 items of three, four and five digits had to be reproduced backward while driving. Only the lists
with three and four digits differentiated significantly between driving with and without traffic (p<0.05) with the
inexperienced drivers. Due to traffic law demands, a new predictor had to be selected. Therefore, time estimation
technique was used, in which Subjects had to produce time intervals of 20s. Measures of central tendency were
not sensitive, but all measures of variability (standard deviation, coefficient of variation, sum of differences)
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differentiated in accordance to workload between levels of traffic and between levels of driving experience of
military truck drivers.

In atracking task with smplified car dynamics Pfendler (1982) used monitoring as a secondary task. Subjects had
to monitor a display where a pointer randomly moved between three sections. The "alarm” sections were on the
left and right side and the "normal™ section was in the center of the display. Subjects had to press akey, aslong as
the pointer was moving in one of the alarm sections of the display. Percent of missed signals was calculated and
two of three comparisons between the difficulty levels of the tracking task were significant (p<0.01).

Michon (1966) used tapping as a secondary task and demonstrated an increase in irregularity with workload using
different laboratory tasks. Pfendler and Johannsen (1977) used the same task for workload measurement with
simulated STOL landing approaches without finding any significant differences between flights with three
difficulty levels (flights with and without gusts, and with gusts and use of the stability augmentation system of the
aircraft).

Reliability of the method

There were only a few studies available in which reliability of secondary tasks was measured. Pfendler and
Johannsen (1977) measured retest reliability of the tapping task and found coefficients of ry; = 0.8. In another

study retest reliability of a monitoring secondary task was tested (Pfendler, 1982) and coefficients of ry; = 0.8
were reached again.

Feasibility of the method

When not using an embedded secondary task implementation demands can be high, depending on the kind of
secondary task selected. There might also be space problems in operational systems. Furthermore a training is
necessary.

Economy of the method

Secondary tasks cause considerably higher costs than, e.g., rating scales. But costs can be reduced with embedded
secondary tasks.

Face validity of the method

Face validity of conventional secondary tasks is low, as the measurement principle is not always clearly
understandable for the subjects. Face validity of embedded secondary tasks is assumed to be much more higher
than with conventional secondary tasks and consequently also operator acceptance.

I nterference of the method

Some authors assume that there must be interference between the primary and the secondary task so that the
measurement principle can work, others refuse this assumption. Empirically, interference with corresponding
performance decrements in the primary task has been observed in many experiments and it can be area problem
in operational systems, when safety is threatened. Embedded secondary tasks avoid this problem. Extensive
training can also reduce interference.

Diagnosticity

When different secondary tasks are used with the same primary task they do not demonstrate all the same
sensitivity. When a secondary task responds very sensitive, this shows, that there is considerable overlap in the
processing resources of the primary and the secondary task (Wierwille and Eggemeier, 1993). That is why
secondary tasks can be used as diagnostic tools. From such studies conclusions can be drawn about the resources
which should be used, e.g., for additional functions which are intended to be implemented into a system or about
the special workload drivers of atask.
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Generality

The application of externa secondary tasks is restricted to tasks, where interference with the primary task is
irrelevant and safety aspects of the system are not threatened. But there is no generally applicable secondary task,
which can be used with all kinds of primary tasks. The secondary task should always be selected carefully so that
it uses the same resources as the primary task, although there is some controversy about this point. For a primary
tracking task the best secondary task is aso tracking, but tracking cannot be used to measure workload with a
monitoring task. With imbedded secondary tasks safety and interference problems are reduced.

Secondary tasks can also be used to measure mental degradation after sustained operations or to measure
detrimental effects from environmental factors on operator behaviour.
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3.3 Physiological Workload M easur ement Techniques

Description of the methods

Measurement of operator workload with physiological techniques is based on the assumption that workload is
reflected in the physiological responses of the central nervous system, the autonomic, the somatic and the
endocrine system. According to Hart and Wickens (1990) there are two classes of physiologica measures:
Measures of emotional and physical activation like heart rate and pupil size and measures of perceptua and
mental processing like event related potentials and direction of gaze. What has been said in respect to secondary
tasks is also valid for physiological measures of workload: every technique has been shown to be sensitive to
workload and amost every technique has been shown to have failures (Lysaght et a., 1989). From this the
conclusion should be drawn that physiological methods should only be used in addition to subjective workload
measurement methods. They can be applied when implementation demands under field conditions are low and
when unobtrusive and continuous measures of workload are needed (Wierwille and Eggemeier, 1993).

Factorsto consider in the phases of test and evaluation
— Different physiological methods (and also measures) measure different aspects of workload.

— When using independent groups relative scores have to be used with some methods (e.g., with ECG
measures) which relate baseline measures and loaded measures. Consequently baseline measurements have to
be made.

— Physiological measures might have artefacts (e.g., the R-peaks are not registered correctly in the ECG).
— Physica activity can influence physiological measures (e.g., heart rate).
— Physiological measurement can restrict mobility of the operator (e.g. through wires, headrests etc.).

— The operator should have the opportunity to adapt to the research environment before the experiment begins
(otherwise, e.g., heart rate etc. can be increased).

Advantages of the methods

Partly depending on the selected method

—  With many methods continuous workload measurement is possible.

— Objective assessment of workload without involving subjective aspectsis possible.
— Anticipatory workload reactions can be assessed as well as workload consequences.
— Assessment of long-term effects of workload after sustained operationsis possible.

— With some methods (e.g., ECG) different measures can be derived simultaneously, which assess different
aspects of workload (heart rate and heart rate irregularity).

— Many different methods can be applied simultaneously (Hart and Wickens, 1990).
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— The subject cannot voluntarily influence the result (like with rating scales).

— The methods do not interfere with task performance (Hart and Wickens, 1990).

Disadvantages of the methods

Partly depending on the selected method

— Possibility of artefactsin resulting data.

— Some physiological methods have very high implementation demands (e.g., evoked cortical potentials).
— Literature shows contradicting results in respect to validity of most physiological methods.

— Physiological Methods can be influenced by physical and emotional factors.

— Restrictions on operator movements (e.g., using of a headrest when measuring eye movements).

— Dataanalysis can be demanding (e.g., with evoked cortical potentials).

I ndependence from tester influence

The objective approach prevents any influence of the tester on the results.

Validity of the methods
Measures of heart rate and heart rate variability

The results on heart rate are controversial (Lysaght et al., 1989). Heart rate has been shown to reflect mainly
operator stress (Wierwille and Connor, 1983; Roscoe, 1987; Kramer, 1991), whereas validity is limited when
emotional factors are not involved, e.g., with tracking tasks (Pfendler, 1982). Results on heart rate variability are
also not consistent. In some studies certain measures of heart rate variability proved to be valid indicators of
cognitive workload (Luczak and Laurig, 1973; Strasser, 1981; Mulder and Mulder, 1987; Wilson and O"Donnel,
1988; Kramer, 1991) whereas in other experiments they were less sensitive (Pfendler, 1982; Schick and Radtke,
1979).

Measures of eye activity

Measures of eye functions, such as eye movements and eye scanning, blink rate and blink duration, pupil
diameter and pupil dilation provide measures directly related to visual workload (Radl, 1969; Beatty, 1982;
Hallet, 1986; Hart and Wickens, 1990; Kramer, 1991). The dwell times give important diagnostic information
about the sources of workload. The longer the dwell time, the more difficult to read an instrument. According to
Lysaght et a., (1989) measuring of eye movements has the highest potential as a workload analysis technique
among the physiological techniques. Pupil diameter has also demonstrated sensitivity to workload. But as there
are strong measurement restrictions in respect to eye movements and to variations in light level the method is not
recommended for field applications.

Measures of brain activity

Spectral analysis of the electroencephalogram (EEG) cannot be recommended for workload analysis (O'Donnel
and Eggemeier, 1986; Hecker et al., 1980). In contrast, a series of studies could demonstrate that the Evoked
Cortical Potentials (P 300 amplitude of the ECP) are relevant to perceptua task demands and are sensitive to
aspects of cognitive processing (Israel et al., 1980; Kramer, 1991; Wilson and Fullenkamp, 1991). But the
application of the method is as yet mainly restricted to the controlled laboratory environment (Lysaght et al.,
1989).

Measures of body fluid analyses

Body fluid analysis is one of the few techniques available for the assessment of sustained or long-term effects of
workload (Lysaght et al., 1989). Recent work has concentrated on salivary cortisol responses which follow levels
of stress and workload (Kirschbaum and Hellhammer, 1989). Salivary cortisol levels significantly differentiated
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between different levels of stress and workload. The method can also be used to assess anticipatory workload and
workload consequences. Salivary cortisol level can be measured easily also under field conditions.

Other physiological workload measurement methods

Other additional physiological methods have been used to measure workload. Methods to measure blood
pressure, electromyography (EMG), galvanic skin response (GSR), critical flicker fusion frequency (CFF), etc.
are mentioned in the literature but the methods are not recommended for workload measurement (Lysaght et al.,
1989).

Reliability of the methods

Estimation of reliability of workload measurement methods has generally been neglected. There are also only few
data available on reliability of physiological measures of workload which will be reported in the following. Other
empirical studies were not available.

Measures of heart rate and heart rate variability

Blitz et al. (1970) measured test half and retest reliability of heart rate and a measure of heart rate irregularity with
a choice reaction task. They found test half reliability coefficients of r = 0.93-0.99 and retest coefficients of r =
0.31-0.79 for both kinds of measures which did not differ very much in respect to reliability. Retest reliability of
five measures of heart rate and of heart rate irregularity was also measured by Pfendler (1982) in a tracking task
resulting in very high reliability coefficients (r > 0.9), with the exception of one measure of heart rate irregularity.

Measures of brain activity

In astudy from Hecker et al. (1980) reliability of measures from the spectral analysis of the electroencephal ogram
was calculated resulting in very low reliability coefficients (r < 0.3).

Feasibility of the methods

When physiological standard methods are used (e.g., ECG) the implementation demands are not so high, but
much more higher than, e.g., with rating scale methods. For some physiological methods like those which
measure the activity of the brain and of the eye implementation demands are extremely high exceeding all other
methods in respect to instrumentation and training of the experimenter.

Economy of the methods

Physiological methods have much more higher costs than rating scales and secondary tasks, especialy methods to
measure the EEG, the ECP and the activity of the eye.

Face validity of the methods

Face validity is not a very relevant aspect for physiological workload measurement methods. Subjects attitudes in
respect to the methods are not assumed to influence the results of physiological methods.

I nterference of the methods

Physiological workload measurement methods may interfere with primary tasks as electrodes, wires etc. may
restrict movements of the operator. Operator movements may al so be restricted as movements can lead to artefacts
(ECP). ECP measurement can also interfere with the main task when a secondary task is used to elicit the P 300
amplitude. When measuring eye movements or pupil size a headrest may be required which alows only limited
movements of the head.

Diagnosticity

Measurement of eye movements shows good diagnosticity as the method can detect sources of workload when
measuring high dwell times (e.g., for certain instruments) (Lysaght et al., 1989). All other measures are assumed
to have low diagnosticity.
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Generality

Application of most physiological workload measurement methods is limited. Their use is restricted, when
operator movements are important for task performance: movements can produce artefacts (EEG, ECP), effects of
movements can be confounded with effects of the experimental conditions (ECG, EMG) or restrictions are
necessary to prevent movements (e.g., headrests when measuring the activity of the eye). Standard ECG technique
can be implemented relatively easily and heart rate can be derived and used when physical workload is absent
and emotional load is a main aspect of the study. Heart rate variability can be measured when cognitive load is
varied. As the results of both methods are controversial it is recommended to use them only in addition to rating
scale methods. Methods to measure eye movements are promising (Lysaght et a., 1989) but the implementation
can be difficult in an operational environment. Another successful method is measurement of evoked cortical
potentials (ECP) but its use can only be recommended in the controlled laboratory environment (Lysaght et al.,
1989). Most of the other physiological methods are more useful for measurement of longer term effects of
workload (e.g. CFF, salivary cortisol secretion).
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4 Executive Summary

4.1 M easur ement of Operator Workload

Workload can be defined as the human resources an operator expends when performing a specified task. Since the
human resources are limited, a system must not overload the operator, otherwise severe performance decrements
can occur. Furthermore, two systems with the same level of overall performance can impose quite different levels
of workload on the operators. Therefore, it is necessary to measure workload as well as performance. Workload
data can also aid decisions and trade-offs needed to insure that workloads are at acceptable levels across time and
are optimized both for short term tasks and sustained operations.

Workload can be assessed by subjective methods, secondary tasks, physiological techniques and measures of
primary task performance. Workload can also be evaluated by analytical techniques in the design phase of a
system. Analytical techniques are not discussed here, since the goal of this Research Study Group is limited to
empirical methods only. Measures of primary tasks will be discussed in the chapter on performance measurement.
Since current physiological and secondary task methods are not considered as practical for most applications they
will only be briefly discussed. The reasons for this are described in more detail in the Workload chapter (e.g.,
controversia results, limited applicability, high implementation demands, etc.) It is recommended that these
methods should be used only as supplementary tools in workload measurements (e.g. for continuous workload
measurement).

Subjective methods are used in human engineering testing and evaluation to assess the operator's, or observer's,
rating of atask. These methods, especialy those with rating scales, have many advantages and few disadvantages
in measuring operator workload relative to other approaches.
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Of the many available workload measurement approaches, four rating scales were especially recommended for
application: (1) NASA-TLX (NASA Task Load Index), (2) SWAT (Subjective Workload Assessment
Technique), (3) MCH (Modified Cooper-Harper Scale), and (4) ZEIS (Sequential Judgement Scale). In addition,
the four methods are used by more than one nation. More important, however, is that they satisfactorily meet a
number of necessary workload measurement standards. A brief description of each of the four methods and their
respective applications are given below.

Obvioudly, other scales can be useful for workload measurement. As an example, two other promising
approaches, SWORD (Subjective Workload Dominance Technique) and the Bedford Scale, are added. All the
recommended workload measurement methods and their comparisons to specific standards are described in more
detail in the Workload Chapter, which also includes the references relevant for the executive summary.

4.2 NASA Task Load Index (NASA-TLX)
Description of the method

NASA-TLX is based on the assumption that workload is a hypothetical construct that represents the cost incurred
by a human operator to achieve a particular level of performance. Workload results from the interaction between
the requirements of a task, the circumstances under which it is performed, and the skills, behaviours, and
perceptions of the operator. Furthermore, it is assumed that a workload measurement method must be made up of
multiple workload dimensions. This is why NASA-TLX consists of six subscales: Mental, Physical and Time
Demands, Performance, Effort, and Frustration. Each of these bipolar subscales consists of a hundred point scale
divided into twenty 5-point interval steps. The endpoints have verbal descriptors. Another important aspect of
NASA-TLX is the development of an individual weighting procedure for combining the results of the different
subscales to reduce between-subject variability.

Like other approaches, NASA-TLX requires the operator to have an adequate familiarization with the method.
Before rating the real tasks the operator should apply the scale to a few practice tasks. After familiarization
NASA-TLX consists of two steps. In the first step the operator rates the task with regard to workload. In the
second step each operator makes a paired comparison for all 15 possible paired combinations of the 6 dimensions.
Thisis done by deciding which of each paired element is more important with regard to workload for a given task.
A Mean Weighted Workload Score is obtained by using the results of the paired comparison (weights from 0-5) to
weight the 6 individual subscale scores of the rated tasks. It is recommended that software be used for scoring of
raw data. There are no supports available for interpretation of results (e.g. information about tolerance levels,
etc.). If two or more qualitatively different tasks are rated with regard to workload, a separate paired comparison
has to be made for each task.

The weighting procedure of NASA-TLX has been criticised. In one study better differentiation and better
reliability were achieved using a Mean Unweighted Workload Score. In another study the weighting procedure of
NASA-TLX was described as ineffective with a recommendation to simply ignoreiit.

Advantages of the method:

Good face validity, and good rater acceptance.
—  Genera Applicability

— The American version of NASA-TLX proved to be more valid than most other workload measurement
methods.

— Interval scaelevel is assumed. Parametric tests can be used.
— NASA-TLX can aso be employed in a prognostic way.
— Thereareno floor effects with NASA-TLX.

— Dutch, English and German versions of the scale are available.
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Disadvantages of the method:

— Trandated versions of NASA-TLX (German and Dutch) showed lower sensitivity than a German (ZEIS) and
aDutch scale (BSMI).

— Theoriginal instructions are too extensive.
— Thesix subscales of NASA-TLX partially show significant intercorrelation.

— In some experiments the subscales "frustration” and "physical demands' only show a small relevance for
workload.

— When different subjects give a weight of zero to different subscales the Mean Weighted Workload Scores of
these subjects are strictly seen as no longer comparable.

— During task performance NASA-TLX might cause interference with the main task.

Applications:

NASA-TLX can be applied to a very broad range of tasks. It should be used when there is a specia interest in
diagnogticity, i.e., in detecting the sources of workload. Thisis possible by using the six subscales of the method.
NASA-TLX has good face validity and construct validity. In comparative evaluations with other rating scales and
with lower workload levels NASA-TL X proved to be the most sensitive technique. When used while performing
tasks NASA-TLX might interfere with the main task, especially in high workload situations. More detailed
information, references and comparisons with additional factors (validity, reliability, etc.) are provided in the
Workload Chapter.

4.3 Subjective Workload Assessment Technique (SWAT)
Description of the method

SWAT is a subjective workload measurement method in which the operators rate the workload of a task with
respect to the subscales of "time load", "mental effort load", and "psychological stress load". Each of the three
subscales has three levels in the form of a category scale. Verbal descriptors anchor each level of each of the three
dimensions.

There are two phases in the application of SWAT: the scale development phase and the event-scoring phase. In
scale development, the operator has to rank order all 27 possible combinations of the three levels of each of the
three dimensions according to his perception of the increase in workload. For this purpose he uses 27 cards, from
which each gives a description of one of the possible combinations. After that, atest is performed with a computer
program to see if the card sort is in accordance with the mathematical axioms required for using the conjoint
measurement and scaling procedure. Some axiom violations are allowed however. After testing, the SWAT
technique uses conjoint analysis to convert the rank data of the card sort into an interval scale from 0-100. This
results in each of the 27 combinations having a fixed value on the 100 point scale. The rather complex data
processing procedure of SWAT requires the use of software. In some studies, where the scale development phase
has been dropped, the results show that SWAT can also be applied effectively without this procedure.

If there is enough agreement among the card sorts within a group of subjects then a single group scale can be
constructed. If this is not the case a procedure called SWAT prototyping must be applied to provide greater
precision of measurement. The 6 prototypes (TES, TSE, ETS, EST, STE, SET) are characterized by hypothetical
card sorts which place different emphasis on the three SWAT dimensions of time load (T), mental effort load (E),
and psychological stress load (S). For the TES prototype, e.g., time load is the most important workload driver,
followed by effort, and then psychological stress. Subjects with the highest correlation in one prototype are
grouped together and a common scale solution is found.

In the event scoring phase, the subject evaluates the relevant task with regard to time load, mental effort load, and
psychological stress load (e.g., 2, 1, 3). The scale value associated with this combination (e.g., 30.5) is the
dependent variable used in the subsequent data analysis.
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Advantages of the method:

- SWAT measures on interval scale level.

— Event scoring can be done while performing the main task but not during critical workload periods.
— SWAT can be used prognostically.

—  SWAT can be applied with avery broad range of tasks.

- SWAT can be used when time and resources are critical.

— Records of application in laboratory and field settings are published.

— "Redline" values have been devel oped (scores where performance tends to degrade).

Disadvantages of the method:

— SWAT dimensions are derived intuitively.

— Thereare significant intercorrelations between all SWAT dimensions.

— SWAT training and card sort requires about 1.5 hours per subject.

— Card sort can be problematic: It requires good verbal abilities. Motivation is sometimes [ow.
— The specifications are imprecise in respect to number of axiom violations allowed.

— SWAT haslow sensitivity at low workload levels.

— SWAT requires experimenter decisions to specify scale type and adequacy.

Applications:

SWAT can be applied with most tasks. But in contrast to NASA-TLX the method has been found to be not so
sensitive in low workload situations. Since SWAT has only three subscales it can also be used during task
performance with low risk of interference with the main task. Information about the sources of workload is
limited. Criticall SWAT values for predicting operator overload exist. Validity and face validity of SWAT are
rated lower than those of NASA-TLX. Studies demonstrate that the complex and cumbersome data analysis of
SWAT can possibly be dropped without any disadvantages. More detailed information, a list of SWAT
applications, references and comparisons with additional factors (validity, reliability, etc.) are provided in the
Workload Chapter.

4.4 Modified Cooper-Harper (MCH) Scale

Description of the method:

The Cooper-Harper Scale has been used successfully for evaluation of aircraft handling tasks and other motor
tasks. In more advanced complex automated systems the human operator is more occupied with activities like
perception, monitoring, evaluation, communication, and problem solving. Therefore, the original Cooper-Harper
Scale has been modified so that it can be utilized with tasks in today’s modern systems. The derived Modified
Cooper-Harper (MCH) Scale retains the decision tree of the original scale but has changed the wording. The
rating is based on subjective evaluation of mental effort and attained performance. The authors assume that the
scale gives areliable overall assessment of workload on arelative basis.

Advantages of the method:
— Thedecision tree makes the rating easier by allowing sequential decisions.

— Therating is not very time consuming and can be used while performing atask.
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Disadvantages of the method:

— TheMCH Scae measures on ordinal scale level.

— Thesca€esimplication that the two dimensions of performance and effort are directly related is problematic.
— Thescaé€esimplication that low workload is highly desirable is problematic.

— The scale has no diagnosticity .

Applications:

MCH has been designed for workload assessment of tasks where the operator is involved with activities like
perception, monitoring, evaluation, communication, and problem solving. The scale has demonstrated sensitivity
in such tasks during simulated flight but has been less useful in other environments. It gives an estimate of overall
workload but no diagnostic information. In comparative studies the sensitivity of MCH has been rated lower than
that of NASA-TLX or SWAT. More detailed information, references and comparisons with additional factors
(validity, reliability, etc.) are provided in the Workload Chapter.

45 Sequential Judgement Scale (Zwei-Ebenen Intensitats-Skala, ZEIS)

Description of the method

The Sequential Judgement Scale has been designed in order to rate the difficulty of vehicle handling tasks
experienced by drivers. The scale is constructed according to 14 scale design guidelines compiled from theories,
ergonomic design principles, and experimental results that point to factors having a positive effect on reliability
and validity of rating scales.

The rating scale measures task difficulty and can be applied to a very wide variety of tasks. The scale adso is
useful as a measure of workload, since the subjective experience of task difficulty is an important dimension of
workload. The rating is facilitated for the operators by the two level scale design requiring them to make two
judgements in sequence, first a coarse judgement, and then a second finer one. The first judgement is made
according to three basic categories "difficult”, "medium" or "easy". The first level choice graphically switches
subjects to specific instructions, and then to a smaller appropriate section of the continuous scale of the second
level in order to make a finer rating by marking the line at the appropriate point. However, operators are also
permitted to cross over to the adjacent section. Questions and user guidance instructions were integrated into the
scale as far as possible to assure that all operators receive identical instructions and that they are available at the
right time. In this way independence of the scale from tester influence is increased. The instructions in the
graphics that precede the scale have to be tailored to each task. Scoring of the scale is done by measuring the
operator's mark from the scale's right end point and by transferring the measure into a percentage score of the
whole scale. When the operator's mark on the scale is measured from the scale's left end point (like with other
scales), high rating scores mean low difficulty level, which isin contrast to other scales.

Advantages of the method:
— Workload can be measured during task performance since event scoring requires little time.
— Dutch, English and German versions of the scale are available.

— ZEIShas good rater acceptance.

Disadvantages of the method:
— ZEISratings have no diagnosticity.
- Only limited information on validity of the scaleis available.
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Applications:

ZEIS is assumed to be applicable to a wide variety of tasks where task difficulty is a relevant dimension. The
scale gives an overall estimate of workload without any diagnostic information. In comparative evaluations the
validity of ZEIS has been relatively high, but, the validations have been, thus far, restricted mainly to motor tasks.
Because it is a unidimensional method, ZEIS can possibly be used during task performance without interfering
with the main task. More detailed information, references and comparisons with additional factors (validity,
reliability, etc.) are provided in the Workload Chapter.
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Chapter 4

Human Task Performance M easur ement

1. The application of human task performance data

There are three major categories of human engineering test data: (1) user acceptance, (2) engineering
measurement and (3) task performance. Of these, user acceptance data can tell us of the degree to which users
accept and think they perform well with the equipment; engineering measurement can tell us whether applicable
design standards have been met and good design practices employed; but only measurement of task performance
can tell us whether the ultimate human engineering design goa -- an effective and efficient human machine
interface -- has been achieved. Success in meeting that goal must ultimately be expressed in terms of successful
performance of tasks.

A. Influence system design

The primary utility of human task performance data is to influence system design throughout the
development process, including before testing and evaluation is done. If developers know in advance what tasks
will be exercised in testing and what standards must be met, they can concentrate upon design characteristics that
influence performance of those tasks. When they also are persuaded that the customer is serious about meeting
the design goal, is willing to pay for it and to impact the program if it is not met, there is an incentive to place
appropriate emphasis on human engineering design.

B. Verify adequate performance under appropriate conditions

If that incentive results in the appropriate emphasis, testing and evaluation may simply serve to verify the
success of the design efforts. If it does not, testing and evaluation data reveal design characteristics that degrade
task performance, and point the way to areas in which redesign can improve human task performance and,
consequently, total system performance.

C. I dentify human performance effects on total system performance

When testers and evaluators neglect measuring task performance and rely only upon measures of overall
system performance, we give up the ability to learn whether the limiting factor on system performance is
equipment performance, human performance, or both. There are known, well-documented limits on certain
human performance parameters. Those limits are not efficiently exceeded by personnel selection or training.
Task performance data are necessary if we are to know whether we have challenged the limits. They are aso
needed to identify the human contribution to the performance budget, and conversely to the error and latency
budgets. It is only with that information that we can know what approach to take in improving system
performance to meet criteria.

D. Provide an objective, valid basis for making acquisition decisions and for modeling and
simulation to support all the above

It is always desirable for task performance criteria to have been established before testing, making
determining whether they have been met a simple go or no-go decision. The decision-maker's task is quite
straightforward if human task performance criteria are satisfied, and overall system performance criteria have
been met. But even without predetermined criteria, knowledge of the performance achieved is a useful basis for
decision-makersto use in determining how good is good enough. It can help them to avoid the pitfall of deciding,
for example, to "train around" inadequate performance if task performance data illuminate the fact that further
improvement in task performance is unlikely because the recognized limits for performance of certain tasks have
already been reached or approached. Thiswould point developersin the direction of a human engineering design
or other improvement rather than training as a sol ution.



70

Performance data on well-defined tasks is also useful -- even necessary -- as inputs to modeling and
simulation exercises to predict future performance and to decide upon future testing and evaluation priorities.
More and more, the reductions in military budgets in all the NATO nations drive us to cut acquisition costs,
including costs for testing and evaluation. One response to this pressure is to use modeling and simulation
technology to sharpen the focus of our selection of tasks to exercise in testing and evaluation. Modeling of human
performance requires validity and precision in our data on human performance of tasks of interest.

2. What data to collect
A. Identify and define tasks

If tasks are defined in terms of their initiating event, their terminating event and a criterion for success,
the tester and evaluator have al information necessary to evaluate performance. Data describing human task
performance fall into two categories: performance time and error rate. Performance time is defined as the time
between the occurrence of the initiating even and the terminating event for the task; error is defined as failing to
meet the criterion for success. Severa parties may have inputs to the selection of tasks to measure, but
identifiable tasks should be ranked according to their importance to successful system performance along such
dimensions as: frequency of occurrence, consegquences of failure, consumption of the system performance time
budget, contribution to the overall system error budget, and other dimensions. It is rare that the luxury of
measuring performance on al the tasks of interest is available, so participation by the end users of the evaluation
report -- acquisition decision makers -- is very important.

B. Agreeupon task performance criteria

In an acquisition program in which the proper initial planning and analysis have been done, criteria for
human task performance will have been established before testing, and determining whether they have been met
can be a simple go or no-go decision. If human task performance criteria are satisfied, and overal system
performance criteria have been met, the decision-maker's task is unambiguous. But even without predetermined
criteria, knowledge of the performance achieved is a useful basis for decision makers to use in determining how
good is good enough. Agreement upon appropriate performance criteria is often difficult. The user's
representative is sometimes unable to specify how much performance is required and asks for something like, "as
much as is possible,” a difficult criterion to which to test. The materiel developer feels pressure to accept too
ambitious performance criteria to keep the customer happy, but may underestimate what is feasible to maximize
the chances of meeting requirements. Thus, the requirement for involvement of the decision authority is essential.

C. Exercisetasks

Determining a scenario within which to exercise the equipment functions and the task performance that
are of interest to all parts of the testing and evaluation community is often a compromise among the parties
involved, limited by the test costs that are sustainable. But, in particular for human tasks, it is important that the
conditions under which the data are collected represent the conditions in which the system is expected to operate,
and enough iterations of exercise of the tasks must be available to satisfy statistical analysis requirements.

D. M easur e perfor mance

As mentioned before, the two major categories of human performance data are performance time and
error rate. It is critically important that both be measured because of the self-correcting nature of most human
task performance. That is, given infinite availability of time, perfect or near-perfect performance, expressed as a
zero error rate, can be expected; given a requirement to perform as quickly as possible a higher rate of error can
be expected. Stated another way, one aspect of performance can almost aways be traded off for the other. In
some situations, the tester encounters a series of sequential tasks in which the availability of one task requires
correct performance of a preceding task, thus "error" cannot easily be measured. In this situation, one might argue
that the error rate has been established as a constant, zero, and the only remaining variable is time. That is a
useful argument, in that it allows testing to proceed, but what probably is happening is that any errors being made
simply require repetition of the attempt to perform, and the number of repetitions is reflected in performance time.
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If it is important to know what is causing the performance to be dower than expected or required, the tester may
till be obliged to attempt to gauge error rate.

1 Time, latency, speed

We can measure and express the tempora part of the requirement as the simple difference in time
between the start of the task and its end, but may also include such things as latency between presentation of a
stimulus and a response, or repetition rate on repetitive tasks.

2. Error rate, size (rmserror on tracking tasks), frequency, probability

We can measure and express the error part of the requirement as the error rate per unit of time, number of
repetitions, probability of occurrence, or any and all other ways that satisfy the evaluator's and decision authority's
needs for information.

E. Comparewith criteriain B.

If available before the test, properly stated task performance criteria can make analysis and evaluation a
simple and straightforward process. |f they are not available, then the performance achieved is reported to the
decision authority, who must then decide whether what has been achieved is good enough.

F. Describerelation to total system performance

This may be one of the most difficult requirements placed on the human engineering tester and evaluator,
but is certainly one of the most important if the human engineering evaluation is to impact the decision process.
For the military decision-maker, information about human performance achieved on certain tasks may be of
academic interest only, unless the effect of their performance on total system performance can be demonstrated.
Where human-machine interaction occurs in system performance, it can be of paramount importance to know
whether the success of the function in which they interface is limited by human performance or by equipment
performance, particularly if that function isidentified as one which limits overall system performance.

A (not entirely) mythical exchange between a small caliber weapons designer and the human engineering
tester may be helpful as an example. In attempting to improve the accuracy of a sniper rifle, the hardware
engineer has data that indicate that thickening the metal barrel of the rifle increases its stiffness and its ability to
retain a straight bore and the alignment of its sights. This, the modelers predict, will reduce the round-to-round
dispersion by about 30 seconds of arc at a weight penalty of two kilograms or about four and a half pounds.
When the prototype is tested, the rounds fired from a fixed machine rest confirm the model's prediction, but when
fired by expert snipers who work for the proving ground, the round-to-round dispersion increased by about one
and a half minutes of arc above that of the baseline rifle. With his knowledge of human perception limits and
performance characteristics, the human engineering tester points out that the resolution of the human foveal (best)
vision is limited to about one minute of arc, and that the addition of the extra weight and the disturbance of the
balance of the rifle added at |east another half minute of human contribution to the round-to-round dispersion due
to increased jitter. Thus the hardware contribution to the error budget already was so much less than the human
contribution that the design improvement to the hardware resulted in poorer overall human-machine performance.

Another, perhaps more important requirement for relating human performance to overall system
performance is that the increasing budget pressure on the acquisition process forces us to compete with other
disciplines not only for the ear of the acquisition decision makers but for their money, as well. Unless we can
show value added in terms of improving system performance, controlling or reducing life-cycle cost, or both, we
may not only fail to influence system design, but cease even to be funded to participate.
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3. How to collect it
A. Task performancetime
L Manual input

The earliest attempts to measure task performance were part of the time-and-motion studies conducted by
industrial psychologists using manual means of recording such as stop watches and clipboards. There are
situations in which technology no more sophisticated than this still is used and is used appropriately and
effectively. However, its temporal resolution is limited to the reaction time of the human data recorder, and
determination of error rate is limited to his single opportunity observation of task performance. For most
purposes, we can do better than that.

2. Event recorders

Electronic event recorders that record events either as an excursion of a pen on a strip chart or an
incremental rotation of a counter wheel can sense their data electrically, thus escape the reaction time limitation of
the human-with-stopwatch. Because a strip chart recording can be analyzed after the event with the convenience
of atime scale, some of the single opportunity observation errors can be corrected.

3. Digital data bus recording

On alarge proportion of major systems being developed over the past few years, digital electronic system
control features are built into the system, usually employing a high-speed digital data bus for communication
among sensors, effectors and displays. Tapping into that data stream for recording test data can provide a very
rich source of data on what controls were operated and when and how, and what digital information provided a
stimulus or represented the beginning of a task for humans to perform. Used to its greatest extent, it can provide
information that is very detailed on alarge number of eventsin system operation, with time resolution down to the
microsecond level. The capability it offers can easily overwhelm the tester with the sheer volume of data he can
record. Unfortunately, its greatest asset -- this large quantity and rate of recording of high-resolution data -- is
often also its greatest liability. If the tester does not identify in advance the set of events on which he needs data
and write appropriate software to capture only those data points, he may later find it difficult and expensive to
extract the data of interest from those in which it is embedded. It is sometimes difficult for an evaluator to resist
requiring a tester to "record everything we can" just to ensure that he doesn't discover after the test is concluded
that he left out collection of data of interest. That requirement has often left testers searching almost endlessly
through irrelevant data for the small fraction of it that answers valid test issues.

4, Time-tagged video

Color television imagery requires a wide frequency response and a large dynamic range. The video
cassette recorder's (VCR) capability to capture that range offers testers an unprecedented opportunity for
recording severa other high-resolution, time-synchronized channels of audio and other analogue data beyond
video imagery. Current camera technology that fits within a package about the size of a matchbook will provide
380 to 450 lines of resolution in a full-color image. In light levels down to 2.5 lux, using "pinhole" lenses that
give a depth of field that is sharp from 1.5 inches to infinity, it requires no adjustment of any kind, and can
provide afield of view of 90 degrees or more. If monochrome imagery is satisfactory, even lower light levels can
be recorded successfully. And unlike a human eye, sensing surfaces can be selected that record energy well
outside the visible spectrum at either end, allowing recording of imagery that a human observer could not see
directly.

There are many readily identifiable examples of the advantages of using recorded video as a substitute for
direct human observation. One is the ability of repeated observation by multiple observers to determine subtle
characteristics of performance that would never be noticed by direct observation. The tester can record
unobtrusively under conditions that would necessarily degrade a human observer's performance and can sense
activities that would be entirely invisible to the human eye, using energy outside the human visible spectrum.



73

With time-tagging, in which a master clock display can be recorded within the imagery frame, precise
determination of when certain events took place, and synchronization with other sources of data such as the high-
speed digital data bus, is available. One proper use of the capabilities of the digital data bus would be to identify
events of interest which are part of its data stream and use the digital data stream to record a time tag on the video
tape to identify events of interest on the video. Like the digital data bus, the video recording capability can
readily overwhelm testers with the sheer volume of information recorded, unless provisions are made to identify
for reduction and analysis only those parts of the video recording that answer test issues. Experience has shown
that reduction of video data can be very time-consuming. It takes about three hours of reduction time for each
hour of recording. The amount of time and effort consumed by data reduction can be controlled by proper pretest
planning and judicious use of time-tagging from the digital data bus and other sources, so that only the events that
answer test issues are reduced.

The popular formats of video tape also provide severa channels for recording of different audio channels
or any other analogue source that is of interest. There are very reasonably priced VHS recorders which make
available at least four analogue channels. These are available via the stereo pair of linear sound tracks that can be
recorded on one edge of the tape, and the two high-fidelity stereo channels multiplexed onto the video signal and
recorded by the same helical scan heads that record video information. These latter two channels have
particularly high information recording capacity because they have the same frequency bandwidth and dynamic
range potential required for recording color video imagery. That yields sonic performance that rivals that of
digital audio technology. In addition, the part of the imagery signal used to provide second audio programming
(SAP) for bilingual households and that used to provide closed captioning for the hearing impaired also offer
time-synchronized recording opportunities using VCR technology. This promises a large array of options for
recording several time-tagged, synchronized channels of analogue information along with the video image. This
permits the tester to capture awide variety of events of interest all on a single tape cassette with two to eight hours
of recording time at the cost of aslittle as $2 - $3. The increasing availability and decreasing cost of digital video
recording technology promises even more options and flexibility.

B. Error rate

Since the tester should be recording both performance time and error rate on tasks of interest, the same
technol ogies described above can record both kinds of data; it is essentialy only the reduction and analysis that
may differ.

4, Inter pretation and Evaluation

Ideally, the tester and evauator will have been an integral part of the development process from the
beginning. If that has happened, an opportunity has been afforded for stating criteria for performance of tasksin
terms of performance time and error rate for each task that addresses a test issue. |If so, interpretation of the data
is unambiguous, and the evaluator has only to evaluate the impact of the performance of the task upon total
system performance. With thorough planning at the beginning of the development process, the expected impact
of performance of certain tasks on overall system performance may also have aready been determined as a part of
the total performance time and error budget of the human-machine system, giving even the evaluation a
predictable outcome. However, in the (current) real world of testing and evaluation, it is unlikely that such
predetermined criteria will exist. Testers may be required simply to report their data to evaluators and decision-
makers, with the latter left to their own wisdom to decide how good is good enough. Unless the tester or
evaluator estimate the impact of performance of tasks on system performance based upon analysis of the human-
machine system's performance time and error budget, the evaluation standards become quite subjective.
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Chapter 5

User Opinion

Some background information is in order to avoid confusion on what is meant by user opinion for the purposes of
this chapter. In the early drafts of the Exploratory Group's Terms of Reference document, the label given to this
category of data was user acceptance. In later drafts it was referred to as subjective judgment. The presently used
term was adopted to avoid a connotation of the latter that was perceived by some members of RSG.24 to be
negative. The present term, user opinion, isused to avoid confusion, since thereis at least one member nation, all
of whose field testing activities are called user acceptance trials. For the purposes this chapter, what is meant is
better described by the current label: we want to describe how to measure test participants' judgments and feelings
about a system and its performance, such as might be collected via questionnaires, interviews and so forth.

This chapter briefly summarizes the different types of questionnaires and ways that questionnaires may be
administered. Detailed guidelines regarding what to do in a given situation are included in subsequent sections.
Issues to consider when deciding whether to use a structured interview or some other type of questionnaire are
discussed. Both structured interviews and other types of questionnaires have their place; each has strengths and
limitations that must be taken into account when identifying which instruments to use.

Types of Questionnaires

There are a number of techniques of data collection that can be used to measure human attributes, attitudes,
opinions, and behavior. Attitude and opinion are closely aligned if not overlapping. Opinions are restricted to
verbalized attitudes. Attitudes are sometimes unconscious or nonverbalized. Some of the methods of data
collection are observation, personal and public records, specific performances, sociometry, interviews,
guestionnaires, rating scales, pictorial techniques, projective techniques, achievement testing, and psychological
testing. For this chapter, however, attention has been restricted to a more limited number of data collection
techniques. certain paper-and-pencil types of instruments broadly classed as questionnaires, and including only
some of the techniques mentioned above. A distinction has also been made in this manual between open ended
guestionnaire items and closed-end items. Open-ended items are those which permit respondents to express their
opinions in their own words, and to indicate any qualifications they wish. The amount of freedom the respondent
will be given in expressing an answer to an open-ended item is partly determined by the questionnaire designer.
Closed-end items use response aternatives. Respondents are directed to select one or more of the response
alternatives from a closed set. Closed-end items frequently used are multiple choice, true-false, checklist, rating
scale, and forced-choice. Survey items have been roughly classified into two groups. open-ended items and
closed-end items.

It is common to use interview surveys to ask questions and record answers. Structured interviews are included
within the definition of questionnaires used, since typically an interview form is developed and used by an
interviewer both for asking questions and recording responses, much like a self-administered questionnaire. On
the other hand, the unstructured interview makes no use of structured data collection forms. The interviewers are
permitted to discuss the subject matter as they see fit with no particular order or sequence. Of course, other
interviews fall somewhere between these two extremes. In any case, unstructured interviews, where no structured
response forms are used, are not included within the definition of questionnaires used in this chapter.

Ways That Questionnaires Can Be Administered
There are a number of respects in which questionnaire administrations may vary. However, in the usual field test

settings, the typical questionnaire administration situation involves paper-and-pencil materials with the author/test
officer administering the questionnaire face-toface with a group of test players or evaluators.
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Group VersusIndividual Administration

Given a printed questionnaire, calendar time is saved by group administration. Group administration allows the
opportunity for a questionnaire administrator to explain the survey and answer guestions about items. The task of
statigtical analysis can be initiated with less delay than if one were waiting on a series of individua
administrations. An important determinant of group vs. individua is the time at which people complete their
participation in the test. Most often al participants are through at the same time. All would be available for
guestionnaire administration as soon as they could be brought to an appropriate place or places. Prompt group
administration gives the same short amount of time for forgetting about test events by those who become the
respondents. Group administration generally has a high cooperation rate. If there is an administrator, his’her time
is conserved directly in proportion to the number of respondents he/she has in each administrative session. An
advantage of group administration islow cost.

Author-Administered Questionnaires

When the test officer or administrator who is familiar with the content of the questionnaire and the test's purposes
and objectives can administer the questionnaire, some advantages can be gained. The administrator's instructions
and appeals may increase the number of respondents having desirable motivation to complete the questionnaire by
giving appropriate consideration to each item. If one employs a self-administration procedure, such as might
occur in a mailed-out gquestionnaire, or if a poorly prepared stand-in plays the role of administrator, then the
respondents must derive their instructions and some of their motivation from printed instructions (or from the
poorly prepared stand-in). More things usually can end up going wrong when questionnaires are self-administered
than when they are administered by atest administrator.

Remote Administrations

From the test officers point of view, remote administration refers to a questionnaire administration event that they
cannot conduct because of its distance from them and/or other demands on their time. This dimension, remote
versus face-to-face, is similar but not identical to the previously noted dimension, self-administered versus author
administered.

To avoid the possible disadvantages of self-administered questionnaires, the test officer must be able to afford
another administrator, train him/her in the knowledge and skills associated with effective administration, and
transport him/her to the "remote" administration location. If multiple administrations having location or timing
differences which preclude the same administrator from handling them are required, it would appear that the
chances are increased that more respondents will experience more "difficulties’ in answering the questions. For
this type of questionnaire administration, the questionnaire itself would require careful design associated with
items and instructions.

Other Materiel Modes

Providing the respondents with a printed questionnaire form, and a pencil to mark/write their responses, is the
most common questionnaire administration procedure in field evaluations. In addition, other presentation modes
have been used. In a card-sorting procedure that has been used with individuals and groups, each respondent reads
statements of candidate problems and then places the card into the appropriate pile according to his/her judgment
of the severity of the "problem." Rarer because of expense and logistics problems is the setting up of a computer
terminal where each respondent enters (types in) answers to questions that are displayed on a cathode ray tube (or
other computer display device).
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Structured Interviews Versus Other Types of Questionnaires
I ssuesto Consider
When deciding whether to use a structured interview or another type of questionnaire, a number of issues should
be considered.
Included are the following:

a. To develop questionnaire items, a focus group may be interviewed. Their comments can be used to develop
hypotheses and refine questions. Thisinformation can be adapted to an interview guide and interview items.

b. Interview items should not use a dichotomous response set. Multiple choice and open-ended questions provide
the opportunity for probing.

c. If a structured interview is used, there must be enough qualified interviewers to expeditiously process all
interviewees. Sometimes there are only a few personnel to be interviewed, or there is plenty of time available for
interviews, so only one or two interviewers will be necessary. In other situations, maybe only an hour or so may
be available per interviewee; in these cases, alarge number of qualified interviewers must be available.

d. Face-to-face interviews have a higher response rate than mail surveys.

e. In most cases, respondents have a greater tendency to answer open-ended questions in an interview than when
responseis by paper and pencil.

f. It is possible to adapt face-to-face interview guides for telephone surveys. Ora labeling of the scale points
should be assessed on a pilot survey to be sure that the responses are not biased by the oral presentation of the
scale.

g. Telephone interviews are faster to perform than mail surveys.

h. Interviews conducted by telephone require an interview structure that promotes a high interaction between the
interviewer and respondent.

i. Group-administered paper-and-pencil questionnaires may be less expensive, more anonymous, and completed
faster than the same number of interviews.

j. Respondents seem to be less likely to report unfavorable things in an interview than in an anonymous
guestionnaire. Typically, questionnaires are also more likely than interviews to produce self-revealing data.

k. Issues involving socially acceptable or unacceptable attitudes and behaviors will elicit more response bias.

1. During interviews, respondents often have a tendency to try to support the norms that they assume the
interviewer adheresto.

m. Interviewers with biases on the issues under discussion may reflect them in the content they record, as well as
in what they fail to record.

n. Ethnic background differences between interviewer and respondent probably will not influence the survey
results unless the items have aracial content or are found to be threatening.

0. Although a structured interview using open-ended questions may produce more complete information than a
typical questionnaire containing the same questions, empirical research seems to indicate that responses to the



78

typical questionnaire are more reliable; i.e., more consistent. Structured interviews using closed-end questions
appear to be as reliable as paper-and-pencil questionnaires.

p. It may be difficult to code a combination of open-ended and closed-end items for interview surveys. (See
Section XI111-B, Scoring Questionnaire Responses.)

Combinations of Methods
There are some situations where a combination of methods of questioning might be used:
a. Aninterview might be used to obtain information for designing a paper-and-pencil questionnaire.

b. Personal interviews or telephone interviews might be used for respondents who do not return questionnaires
administered remotely (such as mail questionnaires).

c. When respondents are unable to give complete information during an interview, they can be left a copy of a
guestionnaire to complete and mail in, so that the necessity for acall-back is eliminated.

Conclusion

Both structured interviews and other types of questionnaires appear to have their advantages and disadvantages.
The choice of which to use may well depend upon costs, which are generally lower for the typical questionnaire.
Thetypica questionnaire is apparently more reliable, while the structured interview may provide more unique and
more abundant information. If the dimensions of a problem have not been explored before, the best compromise
would appear to be to use the interview approach with open-ended items to uncover the dimensions, and follow
this by the use of the paper-and-pencil questionnaire with closed-end items to obtain more specific information.

Content of Questionnaire Items

The recommended general steps in preparing a questionnaire include preliminary planning, determining the
content of questionnaire items, selecting question forms, wording of questions, formulating the questionnaire, and
pretesting. As part of preliminary planning, the information required has to be determined, as do procedures
required for administration, sample size, location, frequency of administration, experimental design of the field
test, and analyses to be used. Selecting question forms is a function of the content of the questionnaire items and
requires knowledge of types of questionnaire items and scaling techniques. The wording of questions is the most
critical and most difficult step. Formulating the guestionnaire includes formatting, sequencing of questions,
consideration of data reduction and analysis techniques, determining basic data needed, and insuring adequate
coverage of required field test data. Pretesting involves using a small but representative group to insure that all
guestions are understandable and unambiguous

Types of Questionnaire Items

There are many types of questionnaire items. open ended items, multiple choice items, rating scale items,
behavioral scale items, ranking items, forced choice and paired-comparison items, card sorting items and tasks,
and semantic differential items.

It may be noted that a number of ways have been utilized in the professional literature for differentiating and
classifying item types. Which types are special cases of other types could be debated at length. Unanimous
agreement with the definitions used in this section cannot, therefore, be anticipated.

Attitude Scales and Scaling Techniques
At times, questionnaire developers will wish to treat the total group of items on a guestionnaire as a single

measuring scale, and from them obtain a single overall score on whatever they arein interested in measuring. This
is a common practice, especialy with the measurement of attitudes. A typica attitude scale is composed of a
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number of questions or statements selected and put together from a much larger number of questions or
statements according to certain statistical procedures. Some of these procedures, called scaling techniques, are
discussed in this section.

A distinction is needed, however, between two ways in which the term scale is used. An attitude scale could be
constituted of items each one of which employs a response scale. A component of score could be achieved on
each item. Adding these item scores together - which means considering the whole set of items as a scale -
produces atotal attitude score for the individual respondent.

There are, generally speaking, two general methods for the construction of scales such as attitude scales. The first
method makes use of a judging group and one of the psychological scaling methods developed by Thurstone. It
results in a set of statements being assigned scale values on a psychological continuum. The continuum may be
favorableness-unfavorableness, like-dislike, or any other judgment. The psychological scaling methods, therefore,
have considerably greater application than for the scaling of attitudes. They can be used to scale statements or
objects. They have been used, for example, to determine the perceived favorableness of words and phrases
commonly used as rating scale response alternatives.

The second general method is based on the direct responses of agreement or disagreement with attitude statements
and does not result in a set of statements being assigned scale values on a psychological continuum. Both the
Likert and Guttman scales are examples of this latter method.

Preparation of Questionnaire Items

Once a decision has been made regarding the type or types of items that are to be used in a questionnaire,
attention must be given to the actual development of the items. This involves the following development topics:
mode of questionnaire items; wording of items for both question stems and response alternatives; difficulty of
items; length of question stem; order of question stem; number of response alternatives; and order of response
alternatives.

A distinction has been made between a questionnaire item, a question stem, and response alternatives. A question-
naire item has both a question stem and response alternatives. The response aternatives are the answer choices for
the question. (They are sometimes called "options.") The question stem is that part of the item that comes before
the response alternatives.

Considerations Related to Questionnaire Administration

Questionnaire administration issues include: anonymity for respondents, motivational factors related to
guestionnaire administration, administration time, characteristics of administrators, administrative conditions, the
training of raters and other evaluators, and other factors related to questionnaire administration.

Pretesting of Questionnaires

Even the most careful screening of a questionnaire by its developer or by questionnaire construction experts will
usually not revea all of its faults. Pretesting is an important and essential procedure to follow before
administering any questionnaire. Its purposeis, of course, to find those overlooked problems and faults that would
otherwise reduce the validity of the information obtained from the questionnaire responses.

Pretesting may seem to some uninformed individuals to be a waste of time, especially when the author may have
asked severa people in his or her own office to critique the questions, or perhaps even asked a questionnaire
specialist to critique it. However, pretesting is an investment that is well worthwhile. It is crucial if the decision
that will result from the questionnaire is of any importance.
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Evaluating Questionnaire Results

An extended discussion on evaluating questionnaire results is outside the scope of this chapter. There are some
factors related to the evaluation of questionnaire results that should be noted since they may influence how
guestionnaires are designed and developed. One is the scoring and coding of questionnaire responses, and the
other concerns data analyses.

Scoring Questionnaire Responses
Practical Considerations

a. Planning the questionnaire in line with scoring and tabulation requirements can save both time and money. The
phrasing of questions and their sequencing and layout affect tabulation time. For example, it is advantageous to
have data coded and entered for analysis directly from edited questionnaires. Questionnaires consisting of only
closed-end items will have a lower level of error for data entry than open-ended items. This is a more
cost-effective approach. However, there are some drawbacks such as greater difficulty in verifying the coding and
greater data entry time than when using a coding sheet.

b. A decision should be made ahead of time regarding whether the data will be tabulated by hand or machine.

c. Response alternatives should be precoded whenever possible. Codes for open-ended items are more difficult to
construct than codes for closed-end items. To develop open-ended item codes, list out possible responses to the
item. Pretest the questionnaire to classify responses to open-ended items. Construct a classification system and
code. Pretest the code and revise as necessary. Develop a separate code for responses that were not possible to fit
into the classification system above.

d. Codes need to be developed which guide coders in assigning code numbers to each answer. This includes the
following: codes for missing data for item nonresponse, codes for item responses that are uncodable due to poor
respondent performance, and a code for the "Don't know" response alternative.

e. Codebooks are constructed to define, clarify, and amend codes used during the coding process. Codes that have
caused difficulty for the coders should be noted, such as classification systems and codes for open-ended items.
Coders require training on specifics of the classification system and codes used for the study, and for the general
principles of coding.

f. Since it does not seem to matter if items are scrambled or in blocks according to content, blocking may be
preferred due to greater hand scoring ease.

g. Telephone surveys now use Computer Assisted Telephone Interviewing (CATI). These systems are still in
experimental stages, and they require extensive programming. Items are read off the CRT screen, and telephone
interviewers type respondent answers into aterminal for direct data entry.

Other Considerations

a. There may be ajustification for scoring rating scale items dichotomously according to the direction of response.
It is sometimes done when bipolar scales are analyzed in terms of the proportion of responses in either direction
of the basic dichotomy. The justification is based upon results that seem to indicate that composite scores reflect
primarily the direction of responses and only to aminor extent their intensities.

b. One investigator found that many Likert-type rating scales consisting of 2 through 19 steps may be collapsed
into two or three measurement categories for analysis with no loss of precision.

¢. When working with paired comparison items with a "No preference” option, the "No preference” responses can
often be either divided proportionate to the preference responses, or disregarded altogether. The basis for this
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suggestion is that respondents who claim neutrality appear to exhibit the same preference patterns as those who
express a preference.

d. By using any one of several methods of scoring or transforming self-rating scale raw scores, it is usually
possible to approximate dichotomous forced choice results with considerable saving in administration time, and a
small gain in test-retest reliability.

e. Investigators sometimes use intensity scores as well as rating scale content scores. One way of obtaining an
intensity score is to follow each question with the query, "How strongly do you feel about this?" A second way
involves weighting extreme responses (positive and negative) as 2, moderate responses as 1, and neutral responses
as 0. These weights can then be summed for an intensity score.

Data Analyses

A detailed discussion of data analyses is beyond the scope of this chapter; however, the following points are
noted:

1. Analyses of questionnaire responses are chiefly of two types. summary tabulations and statistical analyses.
Tabulations are used primarily for the presentation of results. Statistical tests are used to determine whether the
differences in the results are significant. Statistical literature is available which presents numerous tests usable in
such analyses.

2. As part of the questionnaire development process, tentative (dummy) analysis tables should be developed to
assure that the data to be obtained are appropriate.

3. Weights can be assigned to questionnaires when there is a probability that the selection of respondents is not
representative of the population as a whole. For example, a sasmple distribution drawn from a list of service
personnel receiving training, and enrolled in various courses, may result in unequal probability sampling. Since
the subjects may be enrolled in more than one course, the more courses they take, the greater the chance they will
be selected into the sample.

Weights are also used in making adjustments for total nonresponse and in poststratification. They are able to
assign greater importance to some sampled elements than to others in the data analysis. Poststratification
conforms the sample distribution to the known population distribution. The sample distribution is adjusted across
the strata. This is useful when the population is known, but the stratified sample elements cannot be determined at
the selection stage. In such situations, prior stratification is not employable, although poststratification may be
applied later. When a sample is weighted to a known population, it will adjust for the sampling fluctuations, as
well as for nonresponse. For example, if nonresponse is higher for a specific age group, the sample will conform
to the known age distribution when weighted. The development of weights is a difficult task. Standard computer
programs for weighted data can be applied in data analysis.

4. Four kinds of measurement scales have been identified: nominal, ordinal, interval, and ratio. Appropriate
dtatistical analyses are associated with each. Hence, the data anaysis limitations of various forms of
guestionnaires should be considered before an instrument is designed. For example, less can be done statistically
with open-ended questions than with ranking questions.

I nterview Considerations

If properly used, the interview is an effective means of obtaining data. It is atechnique in which an individual is
guestioned by a skilled and trained interviewer who records all replies, preferably verbatim in most cases. Most of
the principles of questionnaire construction discussed in previous chapters apply to the interview as well. This
section, however, notes some issues specifically related to interviews.
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Some of these issues are: the distinction between structured and unstructured interviews, interviewer's
characteristics relative to the interviewee, situational factors, training interviewers, data recording and reduction,
and special problems. There is, unfortunately, little that can be recommended to avoid some of the problems
noted. The questionnaire developer should, in any case, be aware of them.

Structured and Unstructured I nterviews

The term "structured” when applied to interviews is intended to emphasize that the interviewer employs a script of
all the questions to be asked. In the unstructured interview, the interviewers may know many of the topics to be
covered but they need to learn more about the subject overall, so they are willing to be led by the interviewee even
into digressions. Unstructured interviews may occur as a preliminary to preparing either a questionnaire or a
structured interview script. One could use a questionnaire as the script for a structured interview if one already
had the questionnaire developed, but not enough time to convert it to a more convenient format. The main
difference between the structured interview and questionnaire is procedural .

The degree of proficiency required of interviewers in conducting an unstructured interview is generally not
available during Army field test evaluations. A structured interview requires the interviewer to have only
moderate skill and proficiency, and hence is usually preferred. The advantages of the structured interview include:
the opportunity to probe for al the facts when the respondent gives only a partial or incomplete response; a
chance to ensure that the question is thoroughly understood by the respondent; and an opportunity to pursue other
problem areas which may arise during an interview. The structured interview is almost always preferable to a
guestionnaire when the test group is small (10 to 20), and when time and test conditions permit.

Interviewer's Characteristics Relativeto I nterviewee

More research is needed to identify how characteristics of an interviewer affect the respondent. Some areas of
concern are presented below.

1. Rank, Grade or Status of the Interviewer

It is recommended that the interviewer should be of similar rank or grade to the individuals being interviewed. A
difference in rank or grade introduces a bias in the data that has been found to substantially influence test results.
Interviewees tend to give the answer they perceive the higher-ranking interviewer favors. When the interviewer is
of lower grade, the interviewee may not show respect and may not cooperate.

Evidence indicates that the greater the disparity between the status of the interviewer and that of the respondent,
the greater the tendency for biased responses. Respondents tend to provide answers that will be more favorably
received by the interviewer.

Data suggest that in the interview situation the respondent tends to support the norms adhered to by the
interviewer. Lower socioeconomic respondents may defer to the norms represented by a higher-status interviewer.
The effect, however, is related to the types of questions asked. Sensitive issues involving socially accepted or
rejected answers will effect more bias.

2. Sex of the Interviewer

Differences in response patterns according to the interviewer's sex depend on subject matter as well as on the
composition of the respondent populations and other characteristics of the specific survey situation. Subject
matter that tends to be most sensitive to differences in male/female response patterns deals with gender
stereotypes. Interview items used in performance appraisals may be sensitive to sex role stereotypes. It is
recommended that this type of item be investigated for rating differences between males and females. Interview
items that are relevant to technical background experience (not usually obtained by females) also show gender
response differences.
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3. Race of the Interviewer

The effects of the race of the interviewer on the respondent should probably be viewed as the result of interaction
between interviewer and respondent characteristics, or the result of the item content. Respondents often give
socialy desirable answers to interviewers whose race differs from theirs, particularly if the interviewee's socia
statusis lower than that of the interviewer and the topic of the question is threatening.

Nonsensitive, nonracial items appear to be relatively immune to interviewer effects for racial background.
Therefore, racial background of the interviewer does not usually seem to affect survey results. It would be
possible to assign interviewers of different racial background regardless of the respondent's racial background. An
interviewer's race can probably establish different frames of reference for items with racialy related content. For
threatening items or items with racially related content, more valid results might be expected when the interviewer
is of the same race as the respondent.

4. Experience of the Interviewer

There may be no significant differences between interview completion rates for experienced and inexperienced
interviewers who have received sufficient interviewer training for face-to-face interviews and telephone
interviews. However, it has been found that experienced interviewers may have different error rates than inex-
perienced interviewers. This error rate has been associated with the age of the interviewer, and the amount of
interviewer training. Interviewer error is usually controlled through selection and training. Older interviewers (age
55 and over) have been known to frequently deviate from interviewer guides. Y ounger interviewers were found to
follow the interview guides more closely. Nonstandardized administration of the interview could jeopardize the
overall standardization of the survey procedures.

Other evidence indicates that field interviewers trained for less than a day produce more survey errors than more
highly trained interviewers. Individuals responsible for developing interview items, guides, and training require
sufficient development time prior to administration of the interview. Interview techniques to increase
standardization have been known to improve through training. Response rates for telephone interviews may aso
be increased through training.

Situational Factors
Among the situational factors that should be considered when interviews are used are the following:

1. It helps greatly if the interviewees perceive the interviewer as interested in hearing their comments, as willing
to listen, and (if the situation requires) as willing to protect them from recrimination for being adverse in their
evaluations.

2. Interviews should be conducted in a quiet, temperature-controlled environment where the respondent can be
comfortable and relaxed. Each respondent should be interviewed in private, separate and apart from all others, so
that no other person hears or is biased by his/her responses.

3. The reinforcing behaviors of the interviewer have an influence on the responses collected, and at times may
cause respondents to change their preferences. Such comments as "good" or "fing" and such actions as smiling
and nodding can have a decided effect on test results. Praised respondents normally offer more answers than
unpraised ones. Praising respondents may aso tend to reduce "Don't know" answers without increasing insincere
or dishonest responses.

4. Interested respondents seem to be more subject to interviewer effects than uninterested ones.

5. Interview questions that are read slowly indicate to respondents that they can take their time in carefully and
thoughtfully answering the question. Rushing through an interview may reduce accuracy.



84

6. Use a"focus' group or pilot screening as a way to develop hypotheses and refine questions for establishing an
interview guide and interview items. Interview guides are to be followed so questions are asked without any
wording changes. This promotes standardization across interviews.

7. Incomplete answers to survey questions require nondirective probing. When asking for clarification regarding
an incomplete answer, the respondent is not to be directed toward any one response. Instead, phrases such as "tell
me more" would be useful to employ.

8. Recording answers to interviews that use closed-end questions requires only that the interviewer mark the
answer that the respondent selects.

9. When recording answers to open-ended questions, use a tape recorder if the respondent agrees or write down
the answers verbatim. It is possible to combine open-ended and closed-end items for interview questionnaires,
although coding and recording may be more difficult for the open-ended items.

10. For telephone surveys, use an interview structure and interview guide that promotes a high interaction
between the interviewer and the respondent. This may be useful in increasing response rate.

11. Response cards can be adapted from face-to-face interviews for telephone surveys. Oral labeling of the scale
points should be assessed on a pilot survey to be sure that the responses are not biased by the oral presentation of
the scale.

Training Interviewers

Generally, interviewers require a certain amount of training. Army personnel may check with the Army Research
Institute-Field Unit closest to them for help in this area. Some of the factors which should be considered when
training interviewers are the following:

1. Training sessions for interviewers usually range between two days and five days. Interviewers conducting field
interviews require more training than individuals who conduct telephone interviews. Two days minimum up
through five days training are recommended for face-to-face interviews.

2. Sometimes researchers provide interviewers with information about the general research goals, sampling
procedures, data analysis, and reports that will result from the survey.

3. Interviewer training requires general information in the course content such as how to introduce the study, as
well as more specific information. Interviewers need to be familiar with the wording used in the survey, and any
branching instructions. Standardization of the study through asking questions, probing incomplete answers, and
recording answers are important aspects of the course content.

4. Interviewer training usually incorporates a demonstration of the standardized interview, and exercises where
trainees role-play both the respondent and the interviewer. Practice sessions may also be tape-recorded.

Data Recording and Reduction

In the structured interview, both questions and answers are orally communicated. The interviewer may encode the
answers on paper, or tape record the responses for later encoding (but only if the interviewee agrees to the taping
and does not seem influenced by the presence of arecording device).

Other topics related to interview data recording and reduction are outside the scope of this chapter.
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Special Interviewer Problem

When interviews are used, the qualified interviewer will avoid leading, pressuring, or influencing the direction of
an interviewee's evaluations. If potential interviewers have strong preferences regarding the system(s) being
tested, they should probably be disgqualified.

Many studies have been conducted that show other biasing effects on the interviewer. Factors leading to
significant effects of the interviewer upon results include: relatively high ambiguity in the wording of the inquiry;
interviewer "resistance” to a given gquestion; and resistance to additional questioning or probing. Interviewer bias
can exist without being apparent, and the direction of biasis not necessarily uniform. The least interviewer biasis
probably found with questions that can be answered "Yes' or "No." The bias can result from differences in
interviewing methods, differences in the degree of success in diciting factual information, and differences in
classifying the respondent's answers. Interviewers expectations may have a more powerful effect on the results
than their ideological preferences.

Some interviewers have a tendency not to transmit printed instructions word for word Hence, total phrases may be
eliminated and key words originaly intended to focus the respondent's attention on some specific point are
omitted or changed. Key ideas are lost, mainly through omission. Variability of interviewer performance seemsto
vary both across interviewers and within individuals.

An interviewer's attitude toward a question can communicate itself sufficiently to the respondent so that the
meaning of the question is altered. When training interviewers to deliver a questionnaire in a standardized fashion,
they need to rehearse the questions for tone of voice and body language to reduce any interviewer bias.
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Chapter 6

Engineering Measurement of Hardwar e Char acteristics

RSG.24's Terms of Reference stated that we would address data collected to support evaluation both of new
systems being acquired and of improvements to existing systems. This includes data in hardware measurement
characteristics, as size, weight, light levels, noise levels, crew workspace layout, ingress and egress provisions,
temperature, vibration, the brightness, legibility and labeling of displays, and the placement, configuration and
force requirements of controls.

RSG.24's Program of Work required that we identify these hardware characteristics and the procedures for
measuring and describing them.

The environmental and physical attributes of a system may have positive or negative influence on human
performance. Therefore, it is important to measure physical characteristics of the system such as size, weight,
light levels, noise levels, crew workspace layout, ingress and egress provisions, temperature, vibration, the
brightness, legibility and labeling of displays, and the placement, configuration and force requirements of
controls. These measurements are then compared to design requirements or best engineering practices to
determine if they are within acceptable ranges.

This document is to be used by a wide variety of people, who may be human factors people and others whose
primary expertise is not the human factors domain.

We must provide all these people understandable data and means which must be consistent and pragmatic, in
order for them to conduct tests and evaluations in the best conditions, during the materiel acquisition process.
They shall be also able to find in this document enough precise references, if needed, to help them to reach their
initial goal.

Various kinds of data are available:

- data from direct observation, which may be also subjective, but don't need any specific device,

- data from indirect observation, using, for example, video recording devices, that may induce
important post treatment,

- measured data, with data acquisition and treatment devices, for physical parameters for
example.

To achieve the testing goal, different procedures and investigation technigues may be used. For example,
we can notice:

- testing procedures, well defined or standardized,
- evaluation grids,

- questionnaires,

- rating scales,

- semi directive interviews,

- assessment interviews,

- measuring devices like various sensors,

- etc.

Frequently, a detailed and complete job analysis, before the test and evaluation period, will be necessary to help
the analyst in determining the most critical points to be observed, in order to:
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- choose what is to be evaluated or tested,
- define which means he will have to use to perform this analysis.
It seems to be unrealistic to commit measurements without any well defined goal.

Some work has been done in the past, more specifically for wheeled, then tracked vehicle by a NATO
group (issued from the Western Europe Union). A lot of testing procedures have been gathered in a document
called "Allied Vehicle Testing Publications', which contains a specific chapter about "Ergonomics’, including
subchapters related to hardware engineering measurements and other areas.

These "AVTP" are very well suited for measurement of hardware characteristics for al kind of vehicles, but also
for many kinds of workstations anywhere else. However, for some specific activities, like those related to the
individual in the battlefield (e.g. antitank weapons), some items may lack. Studies on this particular point are
conducted in different countries at the present time (France, Great Britain and United States).

We propose to define the way to do the measurements of hardware characteristics as following. Three
major items are to be taken into account:

(1) Dimensions,
(2) Environmental constraints,
(3) Human-machine interfaces.

These items are to be considered through the three same questions each time, which are:

(1) WHY do we measure?
(2) WHAT isto be measured?
(3) HOW do we measure?

The third point might include specification of the kind of devices to be used, and al related characteristics they
must verify.

The answers to these three questions provide data which then may be evaluated against the requirements of
military and other standards or system specifications. At this step, human factors people can provide the program
managers and decision makers with comprehensive and consistent data on the consequences in terms of system
efficiency and/or performance related to various choices (technical, organization, costs, etc.).

MEASUREMENT OF HARDWARE CHARACTERISTICS

1. DIMENSIONS

1.1 WHY?

We make the measurements in order to answer evaluation issues and to verify good Human Machine
System performance. For example, good posture diminishes fatigue and consequently improves the global
performance. It isimportant to provide as detailed as possible measurements related to that topic, to be able
to compare various solutions in a short period of time, and to determine what proportion of the targeted
population will be accommodated appropriately.

1.2. WHAT?

What characteristics of the system will be measured? For example: reaching distances (optimal and
maximal), viewing distances, etc.
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1.3. HOW?

The answer to this question includes the procedures and methodologies for measurements and the tools
used for the measurements, such as instrumentation and sensors.

The tools used range from the very simple (e.g. centimeter ruler) to the relatively sohisticated (e.g. digital
recording of the data stream from a high speed data bus).

Each nation may provide anthropometric data of their users populations. Those data may be extracted from
anthropometric databases, or calculated (i.e. estimated) for future user population during the total life cycle
of the system (which may length more than thirty years for some of them). A useful reference is the
recently published NATO Soldier Target Audience Description, RTO-TR-22 AC/323(HFM)TP/20, which
describes anthropometric, demographic, and physiological characteristics of the NATO Soldier population.

2. ENVIRONMENTAL VARIABLES

Environmental variables are a major concern with system efficiency. They must be measured using
generally recognized methods, in order to be able to compare data across nations. If not, it will be difficult
to give usable information for system evaluation.

2.1. WHY?

It is well established that the soldier's performance and system performance is affected by different
environmental conditions. Thisfact justifies paying special attention to that kind of measurement.

2.2. WHAT?
Examples of variablesto be measured are:

- Noise
- Vibrations
- Shock

- Light

- Toxic substances
- Temperature
- Humidity
- Air speed

2.3. HOW?:

The measures have to be made at the users location, and depend on the activity of those users. Most of the
variables are measured physically or chemically, and require instrumentation.

3. HUMAN-MACHINE INTERFACE

3.1. WHY? A good human-machine interface supports the operator in doing his or her job, enhancing
system performance and crew interaction.

3.2. WHAT?

- Guidance:
* Prompting: it refers to the means available in order to lead the users to making specific
actions whether it is data entry or other tasks. This criterion also refers to al the means that help users to
know the alternatives when several actions are possible, depending on the contexts. Prompting also
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concerns status information, that is information about the actual state or context of the system, as well as
information concerning help facilities and their, accessibility.

* Grouping and discrimination of items (by location and by format): this criterion concerns the
visual organization of the information items in relation to one another. It takes into account the topology
(location) and some graphical characteristics (format) in order to indicate the relationships between the
various items displayed, to indicate whether or not they belong to a given class, or else to indicate
differences between classes. This criterion also concerns the organization of items within a class.

* Immediate feedback: it concerns system responses to users actions. These actions may be
simple keyed entries or more complex transactions such as stacked commands. In all cases computers
responses must be provided, and they should be fast, with appropriate and consistent timing for different
types of transactions. In all cases, a fast response from the computer should be provided with information
on the requested transaction and resullt.

* Legibility: It concerns the lexical characteristics of the information presented on the screen
that may hamper or facilitate the reading of this information (character brightness, contrast between letter
and background, font size, interword spacing, line spacing, paragraphs spacing, line length, etc. ). By
definition, the criterion Legibility does not concerns feedback or error messages.

- User workload: The criterion Workload concerns al interface elements that play a role in the
reduction of the users' perceptua or cognitive load, and in the increase of the dialogue efficiency.

* Brevity: The criterion Brevity concerns the perceptual and cognitive workload both for
individual inputs and outputs, and for sets of inputs (i.e., sets of actions needed to accomplish a goal or a
task). Brevity corresponds to the goal of limiting the reading and input workload and the number of actions
steps.

+ Conciseness: This criterion concerns workload from a perceptual and cognitive
workload for individual inputs or outputs. By definition, Concision does not concern feedback or error
messages.

+ Minimal actions. This criterion concerns workload with respect to the number of
actions necessary to accomplish agoal or atask. It is here a matter of limiting as much as possible the steps
users must go through.

* Information density: This criterion concerns the users workload from a perceptual and
cognitive point of view with regard to the whole set of information presented to the users rather than each
individual element or item.

- Direct user control: This criterion refers to the relationship between the computer processing
and the actions of the users. This relationship must be explicit, i.e. the computer must process only those
actions reguested by the users and only when requested to do so.

* User situational awareness: The user must have sufficient knowledge of system actions and
status to exercise effectively his or her direct control. The system should provide appropriate information
and options.

- Adaptability: The adaptability of a system refers to its capacity to behave contextualy and
according to the users' needs and preferences.

* Flexibility: This criterion refers to the means available to the users to customize the interface
in order to take into account their working strategies and/or their habits, and the task requirements.
Flexibility is reflected in the number of possible ways of achieving a given goal. In other words; it is the
capacity of the interface to adapt to the users particular needs.
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* Users experience management: This criterion refers to the means available to take into
account the level of user experience.

- Error management: This criterion refers to the means available to prevent or reduce errors and to
recover from them when they occur. Errors are defined in this context as invalid data entry, invalid format
for data entry, incorrect command syntax, etc.

* Error protection: This criterion refers to the means available to detect and prevent data entry
errors, or actions with destructive conseguences.

* Quality of error messages: This criterion refers to the adaptability, and specificity about the
nature of errors syntax, format, etc. and the actions needed to correct them.

* Error correction: This criterion refers to the means available to the users to correct their
errors.

- Consistency: This criterion refers to the way interface design choices (codes, haming, formats,
procedures, etc.) are maintained in similar contexts, and different when applied to different contexts.

- Significance of codes. This criterion qualifies the relationship between aterm and/or a sign and
its reference. Codes and names are significant to the users when there is a strong semantic relationship
between such codes and the items or actions they refer to.

- Compatibility: This criterion refers to the match between users characteristics (memory,
perceptions, customs, skills, age, expectations, etc.) and task characteristics on the one hand, and the
organization of the output, input, and dialogue for a given application, on the other hand. It also concerns
the coherence between environments and between applications.

3.3. HOW?

Hardware measurement alone is normally not a sufficient basis for evaluation of the human-machine
interface of a system. Testing normally will include (1) verification of compliance with existing standards and
with good engineering design practice, (2) measurement of performance of tasks believed to be affected by
human-machine interface design, and (3) collection of information from users and subject matter experts. ltem
one is engineering measurement; the other two items are treated in other chapters of this document.

As mentioned earlier, the AVTP is a good source of guidance on testing procedures primarily for vehicles, but
useful for some other systems as well, and is well known within NATO. The tester should consider thoughtfully
which techniques, procedures and methods are most appropriate to meet each unique testing need.
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Chapter 7

Conclusions and Recommendations

Human engineering testing and evaluation are conducted to ensure that the intended users of a system can
operate and maintain it. This type of testing determines if the system's equipment meets human engineering,
safety and other criteria relevant to human use, while meeting all mission performance requirements. Analysesto
be carried out must verify that effective, efficient and safe operation of the total human-machine system is
supported by the overall architecture, workspace design and workload imposed by the system's design.

Human engineering testing and evaluation is an important component of any test effort as it is generally
the only activity that looks at the influence of human performance on system performance. The need for ensuring
accurate human performance is obvious when operators are in the control loop of a system as they directly affect
performance of the system. However, even in the most automated system, humans are often assigned critical
functions such as enabling, programming, initializing, calibrating, verifying, validating, designating, and
authorizing. Indeed, accurate human performance becomes more critical with increased automation because of
the absence of a human operator. For example, once a cruise missile is in flight, the operator is out of the
missile's control loop and cannot compensate for any errors that may have escaped detection when the crew
loaded the missile onto alaunch platform, programmed it with aflight plan and launched it.

The purpose of this report is to document the efforts of RSG-24 and to present its recommended
guidelines for accomplishing human engineering test and evaluation. The goa was standardization of test
content, procedures and conditions /sequence of test events. The intent is not to impose standardization of system
engineering design. The guidelines are expected to facilitate the sharing of data and evaluations which will cut
test costs by reducing duplication and the quantity of test data required to support decisions.

The intended audience for these guidelines includes all persons who conduct human engineering testing
on military systems. The professional tester benefits from using the guidelines because he will be able to compare
his test results to those gathered on other systems, under other conditions, or by other nations. The novice tester
gains the additional benefit of having areadily available reference to proven techniques.

This document offers widely accepted techniques and methods for accomplishing human engineering
tests. The approach taken to accomplishing human engineering testing generally depends on the organization's
tradition and upon the individual specialist's education, experience, and intuition. In the absence of a common
approach and data set, human engineering test results are difficult to compare for different test conditions,
systems, armed services, or nations. As a result, duplicative testing becomes necessary, and important lessons
learned and generality of findings are lost.

Some readers may note the absence of a treastment of the human-software interface. EG.K discussed
attempting to include that in the present document, but at the time the planning for this effort was under way, no
common or widely used technigues or methods were recognized. It was decided to leave that task to a subsequent
group to address when such techniques and methods were known. Both EG.K and RSG-24 recognized that they
were dealing with a process in motion and that commonly accepted and used techniques and methods would
continue to emerge, and should be added to the toolkit. Revision and updating of any document of this kind is
necessary if it is to continue to be useful.

It is therefore recommended both that (1) the techniques and methods described in this document should
be used to the maximum extent possible in NATO testing and evaluation, because they will work to mitigate those
costs and losses, and (2) that they be revised and updated periodicaly to include newly recognized common tools
in the recommended list, and to benefit from advances in technology.
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